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ABSTRACT
Much I n te r e s t  in  c h e la te  chem istry  has developed in  rec en t 
y ears  owing to  i t s  im pact on bonding theo ry  and i t s  a p p lic a t io n  to  
a n a ly t ic a l  chem istry  and b io lo g io a l  phenomena. A system atic  study 
o f  s t a b i l i t y  i s  e s s e n t ia l  fo r  the  c la s s i f i c a t io n  o f  c h e la te s  ac­
cording  to  th e  donor groups and t h e i r  chem ical environm ent, th e  non­
fu n c t io n a l  c o n s t i tu e n ts  o f  the  l ig a n d , and th e  e le c tro n ic  p ro p e r t ie s  
and c o n fig u ra tio n  o f  th e  o e n tra l  m etal atom.
The s t a b i l i t y  o f  phenyl 2 -p y rid y l ketox lm ates o f C d (II) ,
Z n (H ), F b ( I I ) ,  N i(X I), and H g(II) have been s tu d ied  by B Jerrum 's 
techn ique  w ith  th e  g la s s  e le o tro d e  (which was c a l ib r a te d  w ith  a hy­
drogen e le c tro d e )  a f t e r  th e  manner o f C alv in  and M elchior, b u t in  
a ce to n e . C oncen tra tion  s t a b i l i t y  c o n s ta n ts  a t  fo u r  io n ic  
s tre n g th s  have been e x tra p o la te d  to  i n f i n i t e  d i lu t io n  to  o b ta in  
thermodynamic s t a b i l i t y  c o n s ta n ts . The o rd e r  o f s t a b i l i t y  was found 
to  be Hg >H i >Zn> Pb>Cd, which i s  in  agreem ent w ith  th e  o rd e r  fo r  
o th e r  l ig a n d s  w ith  s im ila r  s t r u c tu r e • The s t a b i l i t y  o o n stan ts  were 
measured a t  th re e  tem p era tu re s , and th e  v a r ia t io n  o f  s t a b i l i t y  w ith  
tem pera tu re  gave en th a lp y  o f c h e la t io n . Entropy and f re e  energy o f  
c h e la t io n  were a ls o  computed. The eq u ilib riu m  c o n s ta n ts  fo r  th e  a c id  
d is s o c ia t io n  o f  th e  prime hydrogen and th e  p ro to n a tio n  o f th e  p y rid in e  
n itro g e n  were determ ined  a t  th e  same tem pera tu res and io n ic  s tr e n g th s .
In fo rm ation  o b ta in ed  from t h i s  in v e s t ig a t io n  along w ith  the  
ta b u la te d  s t a b i l i t i e s  f o r  c h e la te s  o f %  ot- d ip y r ld y l  and dimethy1- 
glyoxlme In d ic a te  t h a t  th e  s t a b i l i t y  o f  phenyl 2 -p y rld y l ke tox im ates 
a re  anom alously h igh  u n le s s  th e  p rev io u s ly  suggested  nitron®  s tru c tu re
x
o f  th e  l a t t e r  i s  e r ro n e o u s . The a u th o r  su g g e s ts  an oxygen-m eta l 
bond r a t h e r  th a n  an  oxlme n i t r o g e n - n e ta l  bond . The u n e x p e c te d ly  
low  s t a b i l i t y  o f  H i ( I I )  pheny l 2—p y r ld y l  k e to x im ate  w ith  r e s p e c t  
to  i r o n  and c o b a l t  c h e la te s  a ls o  nay be e x p la in e d  by  an oxygen- 
n a t a l  bond w hich s t a b i l i z e s  th e  + 3 o x id a t io n  s t a t e  f o r  th e  l a t t e r  
tw o .
The e n tro p y  o f  c h e la t io n  f o r  a l l  th e  f iv e  m e ta l pheny l 2» 
p y r ld y l  k e to x lm a te s  i s  p o s i t iv e  I n d ic a t in g  t h a t  c h e la t io n  p roduces 
an  o v e r a l l  in c r e a s e  in  d is o r d e r  a s s o c ia te d  m ain ly  w ith  s o lv e n t - n a ta l  
i n t e r a c t i o n .  The c h e la t io n  o f  m ercury  a p p e a rs  to  be r e g u la te d  en­
t i r e l y  by e n tro p y  e f f e o t s ,  f o r  i t s  e n th a lp y  o f  c h e la t io n  i s  p o s i t iv e  
and i t s  e n tro p y  i s  v e ry  l a r g e .
Many o f  th e  t r a n s i t i o n  m e ta l c h e la te s  a r e  in te n s e ly  c o lo r e d .  
E ig h t  m e ta l c h e la te  s p e c t r a  w ere exam ined, Mn0 C r, 7 e , Co, H i, Cu,
Zn, and Cd su p p o sed ly  in  th e  + 2 o x id a t io n  s t a t e ,  a lth o u g h  C r, Fe, 
and Co may have b een  s t a b i l i z e d  In  th e  + 3 o x id a t io n  s t a t e .  A l l  o f  
th e  c h e la te s  have a  s tro n g  a b s o rp t io n  band n e a r  30,000 o a ^ ,  b u t  Cd 
and Zn a re  n o t  c o lo r e d .  The v i s i b l e  s p e c t r a  o f  th e  o th e r s  i n d ic a t e  
t h a t  t h e i r  c o lo r s  a r e  due to  m e ta l- l ig a n d  ch arg e  t r a n s f e r  p ro c e s s e s :  
th e  bands a r e  b ro a d  and have v e ry  h ig h  e x t in c t io n  c o e f f i c i e n t s  (above 
10 ).> The bands n e a r  30 ,000 cm" may be l ig a n d ^ llg a n d  ch arg e  t r a n s ­
f e r s .  An a ss ig n m en t o f  m echanism s h as b een  su g g e s te d  f o r  a l l  th e  
bands o b se rv e d , b u t  an  e x a c t  t h e o r e t i c a l  t r e a tm e n t  was n o t  re n d e re d .
x i
INTRODUCTION
The undorsta.nd.lng o f th e  chem ical bond I s  In  a s t a te  o f evo­
lu t i o n .  As more knowledge I s  amassed, new p r in c ip le s  a re  be ing  
d isc o v e re d  and o ld e r  th e o r ie s  a re  be ing  re p la c e d  by more enoom 
p ass in g  o n es . Undoubtedly, much p ro g re ss  In  bond th e o ry  has been 
made w ith  th e  I n te r p r e ta t io n  o f  bonding fo r  th e  t r a n s i t i o n  m etal 
complexes and c h e la te s .
M etal Ions I n t e r a c t  w ith  e le c t ro n  donors to  form complex Ions 
and m o lecu le s . The donor group I s  commonly c a l le d  a l ig a n d . I f  th e  
l ig a n d  c o n ta in s  a p l u r a l i t y  o f  donor groups and c o o rd in a te s  a t  two or 
more p o s i t io n s  w ith  th e  m eta l to  form a t  l e a s t  one r in g ,  th e  r e s u l t ­
ing  complex I s  known a s  a c h e la te ;  th e  lig a n d  I s  th en  sa id  to  be a 
c h e la t in g  a g e n t. Ligands c o n ta in in g  2, 3? o r  6 donor groups a re  
c a l le d  b id e n ta te s ,  t e r d e n ta te s ,  q u a d r ld e n ta te s ,  and s e x id e n ta te s ,  
r e s p e c t iv e ly .  T his paper w il l  be concerned p r im a r ily  w ith  b ld e n ta te  
c h e la t in g  a g e n ts .
T ra n s i t io n  m eta l c h e la te s  have I n te r e s t in g  s p e c t r a l  p ro p e r t ie s  
and thermodynamic s t a b i l i t i e s .  One f in d s  a w ealth  o f  In fo rm a tio n  in  
th e  s tu d y  o f  c h e la te s  which can be v a lu a b le  to  th e  p ro g re ss  o f  bond­
in g  th e o ry  (1, 17 )•
T his t e x t  should  be co n sid e red  as a segment In  a long  range 
I n v e s t ig a t io n  d e a lin g  w ith  th e  p h y s ic a l p ro p e r t ie s  o f  m eta l c h e la te s  
formed by b ld e n ta te  l ig a n d s  c o n ta in in g  s u l f u r ,  n i tro g e n , o r  oxygen 
donor g ro u p s. Thermodynamic s t a b i l i t y ,  a b so rp tio n  spectrum , e n th a lp y , 
e n tro p y , and f r e e  energy of  c h e la t io n  a re  among th e  p ro p e r t ie s  t h a t  
w i l l  be exam ined„
1
2C hela tes can be s tu d ied  from th e  s tan d p o in t o f (1) the  donor 
group, (2) the  re s id u e  (th e  n o n fu n c tio n a l c o n s t itu e n ts  o f th e  l ig a n d ) , 
and (3) th e  e le c tro n ic  p ro p e r tie s  and c o n fig u ra tio n  o f th e  c e n tr a l  
m etal io n .
Although th e  e f f e c t  o f the  donor i s  sometimes camouflaged by 
s t e r i c  f a c to r s ,  resonance, and th e  s iz e  o f the  r in g , a very  i n t e r e s t ­
ing  comparison o f  s t a b i l i t y  can be made w ith  donors in  which th ese  
d iv e rse  e f f e c t s  a re  m inim ized, such a s  in  th e  s e r ie s
X TJ  -R
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G eneral tre n d s  have been observed fo r  the  r e l a t iv e  s t a b i l i t y  o f n i ­
tro g en  and oxygen donors. For in s ta n c e , Sidgwick (37) has observed 
th a t  th e  r e l a t i v e  tendency o f  oxygen and n itro g e n  to  form complexes 
depends on th e  m e ta l.
0 >N : Ife, Ca, S r , Ba, Ga, In , T l, T i, Zr, Th, S i ,  Ge, Sn, V(V),
V (lV ). Cb(V), Ta(V), Hc(V), U(VI), F e ( H I ) ,  C o (H )f U(lV).
n > o : c u ( i ) ,  A g (i) , c u ( n ) ,  cd , Hg, v ( n i ) ,  c o ( m ) ,  Ni(n).
S u b s ta n t ia l  evidence i s  a v a i la b le  to  v e r i f y  th e  e m p irica l 
o rd e r o f  s t a b i l i t y  o f m etal complexes suggested by Irv in g  and 
W illiam s (31)• With very  few ex cep tio n s , th e  o rd e r  o f s t a b i l i t y  
i s  f o ( I I )  < F e ( I I )  < C o ( H ) < N i( H ) < C u ( I l )  > Z n ( I I ) .  A sound theo ­
r e t i c a l  in te r p r e ta t io n  fo r  t h i s  o rd e r  i s  no t y e t a v a i la b le ,  b u t i t  
i s  l ik e ly  t h a t  c o r r e la t io n s  to  th e  second io n iz a t io n  p o te n t ia l  and 
a c id  c h a ra c te r  o f  th e  m eta ls a s  w e ll a s  c r y s ta l  f i e l d  s t a b i l i z a t i o n  
e n e rg ie s  should be u s e f u l .  Undoubtedly, th e  p r in c ip a l  f a c to r  in ­
vo lv ing  th e  s t a b i l i t y  o f th e se  c h e la te s  i s  the  io n ic  p o te n t ia l .
3The re s id u e  to  which th e  donor group i s  bonded w i l l  be p e r- 
t t a l l y  re sp o n s ib le  f o r  th e  p ro p e r t ie s  o f a c h e la te .  I f  th e  donor 
i s  In  resonance w ith  o th e r  c o n s t i tu e n ts  in  th e  l ig a n d . I t  may be 
d im in ished  In  i t s  donor c ap a c ity  (1 8 ).
As c o o rd in a tio n  compounds„ c h e la te s  a re  su b je c t to  th e  same 
bonding p r in c ip le s  as o th e r  complexes such as h y d ra te s , ammines, 
and ca rb o n y ls . A su c c e ss fu l bonding th eo ry  should be capable o f 
p re d ic tin g  o r e x p la in in g  s a t i s f a c to r i l y  (1) th e  s t a b i l i t y  o f com= 
p le x e s , (2) o x id a tio n  and re d u c tio n  beh av io r o f complexes, (3) 
s te reo c h em is try , (h) m agnetic s u s c e p t ib i l i ty ,  (5) exchange mech­
anism s, (6) p i-b o n d in g . and (? ) th e  e le c tro n ic  a b so rp tio n  s p e c tra . 
Three th e o r ie s  have been more o r l e s s  su c c e ss fu l in  t h e i r  a p p lic a t io n  
to  m eta l com plexes.
I .  The Valence Bond Theory (10, 22, 38)
According to  t h i s  th eo ry , sigma co o rd in a te  bonds a re  formed 
when th e  lone p a i r  l ig a n d  e le c tro n  o r b i t a l s  o v e rlap  vacan t h y b rid ised  
m etal o r b i t a l s .  The l a t t e r  a re  formed by a l in e a r  com bination o f £ , 
£» and d atom ic o r b i t a l s  to  give h y b rid ized  o r b i ta l s  which perm it th e  
maximum o v erlap  o f bonding o r b i t a l s .  Hybrid o r b i t a l s  a re  d ire c te d  In  
space: sp'* hybrid  o r b i t a l s  a re  d ir e c te d  toward th e  v e r t ic e s  o f a
2 -l
te tra h e d ro n , d sp-5 toward th e  v e r t ic e s  o f an octahedron , e t c . P i-  
bondlng r e s u l t s  when th e  nonbonding £  e le c tro n s  o v e rlap  vacan t l ig a n d  
o r b i t a l s  which may be £  o r  & o r b i t a l s .  Another p o ss ib le  type of mul« 
t i p l e  bonding in v o lv es  a donation  o f lig a n d  p jb o n d in g  e le c tro n s  to  
vacan t d o r b i t a l s  o f th e  m e ta l.
The fo llow ing  diagram s re p re se n t one way o f look ing  a t  th e  






The bonding d^2 and (1^2_ ^2 o r b i ta l s  a re  occupied fo r  m etals co n ta in ­
ing  fo u r  o r more d e le c t ro n s .  O rb ita ls  undergoing h y b r id iz a tio n  must 
be unoccupied; th e re fo re ,  any hybrid  invo lv ing  in n e r  d o r b i ta l s  under 
th e  above co n d itio n  i s  p o ss ib le  only  a s  a r e s u l t  o f  e le c tro n  pa iring*  
Spin p a ire d  complexes, a s  rev ea led  by m agnetic s u s c e p t ib i l i ty  measure­
m ents, in d ic a te  th a t  d o r b i ta l s  a re  being used to  form sigma co o rd in a te  
bonds w ith  th e  l ig a n d . The m agnetic c r i t e r i a  fo r  bond type fo llow  
from th e  v a l id i ty  o f th e  valence  bond th e o ry ,
H exacoordlnated complexes w ith  seven o r more d e le c tro n s  were 
b e lie v e d  to  u t i l i z e  o u te r  d o r b i t a l s  and were o r ig in a l ly  c la s s i f i e d  
a s  io n ic  complexes by P au lin g . T his nom enclature was m islead ing  and 
was l a t e r  rep laced  by such term s as "high sp in" and "sp in  f r e e ."
The va lence  bond th eo ry  has been only p a r t i a l l y  su c c e ss fu l in  
p re d ic tin g  s te reo c h em is try  and m agnetic p ro p e r t ie s .  I t  i s  t o t a l l y  
in cap ab le  o f  in te r p r e t in g  v i s ib le  a b so rp tio n  sp e c tra  o r  t r e a t in g  
thermodynamic s t a b i l i t y  o f complexes e i th e r  q u a n t i ta t iv e ly  o r  q u a l i ­
t a t i v e l y .
m .  The C ry s ta l F ie ld  Theory (10, 20, 38, H4)
The fo re ru n n e r o f th e  c r y s ta l  f i e l d  th e o ry , a sim ple e le c t r o ­
s t a t i c  model, i s  based  on c la s s ic a l  e l e c t r o s t a t i c s .  A p o te n t ia l  
energy eq u a tio n  can be d e riv ed  from th e  charge and s iz e  o f th e  m etal 
and from th e  charge, s iz e , d ip o le  moment,and p o la r i z a b i l i ty  o f  the  
l ig a n d . A ll bonding i s  th u s  d e sc rib ed  a s  p u re ly  e l e c t r o s t a t i c  and
5•XL c o n fig u ra tio n s  &r« expected  to  be l in e a r ,  t r ig o n a l ,  t e t r a h e d r a l ,  
o c ta h e d ra l,  e t c . .  p rov ided  lig a n d s  approach  th e  m etal in  such a man­
n e r  as to  m inim ise l ig a n d - lig a n d  re p u ls io n . Although t h i s  sim ple 
model i s  a b le  to  g ive  reaso n ab le  bond e n e rg ie s  in  some In s ta n c e s , 
i t  i s  unab le  to  accoun t fo r  m agnetic p ro p e r t ie s ,  th e  v i s ib le  abso rp ­
t io n  s p e c tra ,  p i-b o n d in g , and th e  h ig h e r s t a b i l i t y  o f complexes o f 
th e  m e ta ls  o f  th e  second and th i r d  t r a n s i t i o n  s e r ie s  over th e  f i r s t .
The same approach i s  used f o r  the  c r y s ta l  f i e l d  th e o iy  In s o fa r  
a s  bonding i s  concerned, which i s  s t i l l  e l e c t r o s t a t i c .  In  a d d it io n , 
a t t e n t io n  i s  g iven  to  th e  e f f e c t  o f  th e  n e a re s t  neighbor l ig a n d s  to  
remove th e  degeneracy o f  th e  in n e r  d m etal o r b i t a l s .  Ligands a re  
s t i l l  assumed to  approach in  such a manner a s  to  m inimize l ig a n d -  
lig a n d  re p u ls io n , b u t u n lik e  th e  e l e c t r o s t a t i c  model, c e r t a in  geom­
e t r i e s  such a s  square  p la n a r  can n o t be excluded because th ey  a re  
s ta b i l i z e d  by c r y s t a l  f i e l d  s t a b i l i z a t i o n  energy  (C .F .S .E .) .
When co n fro n ted  w ith  an e l e c t r o s t a t i c  f i e l d  due to  th e  approach 
o f a s e t  o f l ig a n d s , th e  m etal £  o r b i t a l s  w i l l  undergo coulombio r e ­
p u ls io n , and w i l l  be r a is e d  in  en erg y . A review  o f  th e  a n g u la r  d i s ­
t r ib u t io n  o f  e le c t ro n  d e n s i t i e s  (p . h ) w i l l  r e v e a l ,  however, t h a t  in  
a f i e l d  o f  any syimnetry, th e  f iv e  o r b i t a l s  w i l l  n o t e q u a lly  i n t e r a c t  
w ith  th e  f i e l d .  For example, in  an o c ta h e d ra l f i e l d ,  two o r b i t a l s ,  
th e  d^2 and th e  1^2^ ^2 , w i l l  be r e p e l le d  to  a g r e a te r  e x te n t  th an
th e  <!»., d , and d . F igu re  1 shows th e  e f f e c t  o f  v a rio u s  f i e ld s  3C z  yjt
in  removing th e  degeneracy  o f  th e  d o r b i t a l s .
The s e p a ra tio n  10 Dq betw een d o r b i t a l s  i s  p a r t i c u la r ly  im­
p o r ta n t .  T his p aram eter can be c a lc u la te d  from sp e c tro sc o p ic  d a ta  
o r  by an approxim ate e q u a tio n  d e riv e d  from quantum m echanics.
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7Quantum m echanics re q u ire s  th a t  th e  w eighted mean average energy of 
a l l  th e  o r b i t a l s  to  be z e ro . For m athem atical convenience, -  h Dq 
i s  a ssig n ed  to  th e  t 2g e le c tro n s  and + 6 Dq to  th e  e^ e le c tro n s  fo r  
th e  o c ta h e d ra l c a se .
The m e ta l’ s d e le c tro n s  w i l l  have a d i f f e r e n t  d i s t r ib u t io n  in  
a f i e l d  th an  th ey  would have in  th e  gaseous f r e e  io n . C onsider a d 
m etal io n  in  an o c ta h e d ra l f i e l d .  Two opposing e f f e c t s  w i l l  determ ine 
in  which le v e l  th e  fo u r th  e le c tro n  w i l l  be found: (1) C .F .S .E . -
An e le o tro n  p laced  in  th e  low er le v e l  i s  s ta b i l iz e d  by 4 Dq, b u t 
d e s ta b i l iz e d  by 6 Dq i f  i t  i s  p laced  in  the  h ig h er energy l e v e l .
Hence, i f  th e  e le o tro n  i s  in  th e  tgg  le v e l  i t  i s  s ta b i l i z e d  by 10 
Dq when compared to  th e  e l e v e l .  (2) Hund s t a b i l i z a t i o n  energy -O
E le c tro n s  tend  to  rem ain u n p a ired . I f  fo u r o r  more e le c tro n s  a re  to  
be p laced  in  th e  t^ g  l e v e l ,  e le c tro n  p a ir in g  must occur (because th e  
maximum m u l t ip l ic i ty  o f  th e  low er le v e l  i s  t h r e e ) .  P a ir in g  o f e le c ­
tro n s  has a d e s ta b i l iz in g  e f f e c t  because cou loab ic  re p u ls io n  and th e  
quantum m echanical exchange energy i s  u n fav o ra b le . The e le c tro n  w i l l  
f a l l  in to  th e  tgg  le v e l  i f  10 Dq > Hund s t a b i l i z a t i o n  energy and w i l l
r e s u l t  in  sp in  p a ir in g .
A lthough fo rb id d en  by th e  Laporte s e le c tio n  r u le ,  d -d  t r a n s i ­
t io n s  a re  observed . They a re  re sp o n s ib le  fo r  th e  a b so rp tio n  sp e c tra  
o f  c e r ta in  m etal complexes in  and n ear th e  v i s ib le ,  b u t a re  some­
tim es overlapped  by charge t r a n s f e r  bands.
The c r y s ta l  f i e l d  th eo ry  has re c e n tly  been given more recog­
n i t io n  th an  th e  va lence  bond th eo ry , n o t only  because o f  i t s  success 
in  p re d ic tin g  s te reo c h em is try  and m agnetic p ro p e r t ie s ,  b u t a ls o  in
8i t s  a p p lic a t io n  to  k in e tic s ,, exchange mechanisms, and th e  absorp­
t io n  s p e c tra .
I I I .  The M olecular O rb ita l  Theory (10, 15, 20, 38)
L im ita tio n s  o f th e  c r y s ta l  f i e l d  th eo ry  such a s  i t s  i n a b i l i t y  
to  e x p la in  charge t r a n s f e r  bands, m u ltip le  bonding, and d isc re p a n c ie s  
w ith in  th e  spectrochem lcal s e r ie s  have been overcome in  th e  lig a n d  
f i e l d  th e o ry  which combines c r y s ta l  f i e l d  concepts w ith  m olecular 
o r b i t a l  p r in c ip le s .
A lig a n d  and a m etal o r b i t a l  may combine by a l in e a r  combi­
n a tio n  o f atom ic o r b i t a l s  to  form m olecular o r b i t a l s ,  p rov id ing  
t h e i r  sym m etries p e rm it. For th e  f i r s t  t r a n s i t i o n  m eta ls  in  an 
o c ta h e d ra l f i e l d ,  fo u r  symmetry c la s s e s  o f Im portance a re :
T£g . , . nonbonding d ^ ,  d ^ ,  and dyz
Eg . .  . s jgma-bonding and an tibond ing  dz2 and d^Z^ y2
A. .  .  . j lg ^ - b o n d ln g  and an tibond ing  £* D
T-ju . .  .  fllggfc-bonding and an tibond ing  pg, py , and pft
The com posite l ig a n d  fljgea-bonding o r b i t a l s  have th re e  syw netry 
c la s s e s .  Eg, A^^, and T ^ .  The DMtal Eg, A^g , and T ju o r b i t a l s  
combine w ith  th e  l ig a n d  Eg, g, and T^u o r b i t a l s ,  r e s p e c t iv e ly , to  
form bonding and an tibond ing  o r b i ta l s  a . , t< u , e , e , a . , and* O O Q o
t ^ u* . The nonbonding T^g m eta l o r b i ta l s  may combine w ith  lig a n d  p i  
o r b i t a l s  o f th e  same symmetry to  form t£g  and t^g* bonding and a n t i ­
bonding m olecu lar o r b i t a l s .
The o v e ra l l  p ic tu re  in  term s o f an energy le v e l  diagram  may
have th e  appearance shown in  F igure 2, a lthough  th e  o rd e r  a -jg» ^ u ,
and e i s  u n c e r ta in  in  most c a se s , 
g
The s o -c a l le d  d-d  t r a n s i t io n s  th a t  were d e sc rib e d  in  th e  c ry s­
t a l  f i e l d  th eo ry  correspond to  th e  6g t r a n s i t io n s  acco rd ing  to
9i l u l
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Figure 2. M olecular O rb ita l Energy Diagram fo r  an O ctahedral Complex.
10
th e  m olecu lar o r b i t a l  energy le v e l  d iagram . The energy s e p a ra tio n  
h e re  depends on th e  e x te n t  o f  o o v a len t bonding ( th e  s tro n g e r  th e  
bond, th e  h ig h e r th e  energy o f  e * ) .  I t  a ls o  depends upon w hetherO
th e  m eta l nonbonding e le c tro n s  o r  th e  lig a n d  p i  -bonding e le c tro n s  
occupy th e  t ^  m o lecu lar o r b i t a l .  I f  th e  l ig a n d  £ i  o r b i t a l s  a re  
occupied  and low er In  energy th an  th e  m etal nonbonding o r b i t a l s ,  th e  
lig a n d  e le c tro n s  w i l l  be la r g e ly  lo c a te d  In  th e  t ^  l e v e l  whereas 
th e  m eta l nonbonding e le c tro n s  w i l l  occupy th e  ^2g* l e v e l .  Conse­
q u e n tly , th e  s p l i t t i n g  10 Dq I s  sm all fo r  llgancb w ith  s ta b le  
bonding o r b i t a l s  such a s  0~ and F^, a c o n d itio n  fa v o rin g  sp in  p a ir in g . 
However, I f  th e  l ig a n d  -bonding o r b i t a l s  a re  o f  h igh  energy and 
unoccupied (e .g . .  phosphlnes and a r s ln e s ) ,  th e  nonbonding m eta l d 
e le c t ro n s  a re  lo c a te d  in  th e  t ^  l e v e l .  Under th e s e  c o n d it io n s ,
10 Dq w i l l  be la rg e  and s p in - f r e e  complexes w i l l  be fav o re d , e s p e c ia l ­
l y  I f  p l-bond ing  I s  s tro n g .
Some u n d ers tan d in g  o f  th e  chem ical bond has developed from
a tte m p ts  to  r a t i o n a l i s e  th e  s t a b i l i t y  o f  c o o rd in a tio n  compounds.
Furtherm ore, I f  thermodynamic e q u ilib riu m  o o n s ta n ts  can be deter*
mined a c c u ra te ly  a t  two tem p era tu re s , th e  thermodynamic fu n c tio n s
A  F, A S , and h H  can be c a lc u la te d .  The s ig n  and m agnitude o f
th e se  fu n c tio n s  may le a d  to  a more thorough u n d e rs tan d in g  o f  th e
c h e la t io n  mechanism.
A g e n e ra l e q u ilib riu m  may be w r i t te n  fo r  th e  fo rm ation  o f  a
complex a M + x A MA* = (MA,) (1 )
0 0  (A)1
Two d i f f e r e n t  approaches (23) a re  a v a i la b le  f o r  th e  d e te rm in a tio n  o f  
a thermodynamic e q u ilib riu m  c o n s ta n t;
11
(A) Express MAJ , M, and A a s  molar c o n c e n tra tio n s5 than  p lo t  K a s
a fu n c tio n  o f io n ic  s t re n g th . At i n f in i t e  d ilu tio n !, th e  ac­
t i v i t i e s  o f a l l  th e  sp ec ie s  should equal t h e i r  c o n ce n tra tio n  
and th e  e x tra p o la te d  K should re p re se n t th e  thermodynamic K.
(B) Express MA^ M and A a s  a c t i v i t i e s  and c a lc u la te  the  thermo­
dynamic c o n s tan t d i r e c t ly  from (1 ) .
Method (B) re q u ire s  knowledge o f the  mean a c t iv i t y  c o e f f ic ie n t  o f M 
and A. Although th e  c o e f f ic ie n t  fo r  KAX may be taken  a s  u n ity  under 
c e r ta in  c o n d itio n s , the  mean a c t iv i t y  c o e f f ic ie n t  f o r  M and A must 
bo c a lc u la te d  from th e  Debye-Bucks1 e q u a tio n ,
V'llog  = ■* R z .z^ i; 7
, * r  + o th e r  fu n c tio n s  o f / i
1 + B a0/ 1 Vx
where a° i s  th e  ion  s iz e  param eter (d is ta n c e  o f c lo s e s t  approach o f 
f r e e  io n s)  and R and B a re  c o n s ta n ts  f o r  a given tem pera tu re  and d i ­
e l e c t r i c  c o n s ta n t. The choice fo r  a v a lu e  o f a° i s  indeed d i f f i c u l t  
to  make w ith  a background s a l t  in  mixed aqueous-organic so lv e n ts  such 
a s  a re  commonly encountered  in  th e  d e te rm in a tio n  o f chelate  s t a b i l i t y .
I t  i s  a t  b e s t  e m p ir ic a l. C onsequentlyp thermodynamic c o n s ta n ts  ob­
ta in e d  by e x tra p o la tio n  to  i n f i n i t e  d i lu t io n  probably  a re  a s  r e l i a b l e  
a s  th o se  o b ta in ed  using  the  Debye. Huckel equation  w ith  an e m p irica l 
a ° .  E qu ilib rium  c o n s ta n ts  g iven  in  t h i s  t e x t  a re  p lo tte d  a g a in s t 
th e  square ro o t o f io n ic  s tre n g th , , and in  a l l  cases dem onstrate  
rem arkable l i n e a r i t y  between 0.025 M and 0.100 M MaClO^. E x tra p o la tio n  
by t h i s  techn ique  may be J u s t i f i e d  in  d i lu t e  s o lu tio n s  in  view o f th e  
unextended Debye-Huckel equ atio n
log K = log £  z2cone. thermo »—
1 + B a^w?t
.  Mt
provided Bt,°M  <T < 1 .
12
Due to  medium e f f e c t s ,  the  thermodynamic s t a b i l i t i e s  determ ined 
in  hOffi ace tone  a re  no t th e  same as th o se  In  pure w ater (11 ) .  S o lu te -  
so lv e n t in te r a c t io n s  depend on th e  d i e l e c t r i c  c o n s tan t o f the  so lv e n t 
even a t  I n f in i t e  d i lu t i o n .  By d e f in i t io n  o f standard  s t a t e ,  th e  mean 
a c t iv i t y  c o e f f ic ie n t  o f th e  so lu te  in  kQfl acetone a t  i n f in i t e  d i lu t io n  
(aSy5t) i s  u n i ty .  R e la tiv e  to  hOjt ace tone , th e  mean a c t iv i t y  coef­
f i c i e n t  in  w ater a t  i n f i n i t e  d i lu t io n  (q^#4) i s  n o t u n ity  because o f 
th e  prim ary medium e f f e c t .  I f  eq u a tio n  (1) were expressed  in  term s
. *.
o f a c t i v i t y  c o e f f ic ie n ts ,  i t  would become e v id e n t th a t  CC V'J.*’*
Thus ln a“WK : ln WK -  l n ^  15*: In^co^X* = ln ^ ^ k *  Inasmuch as th e  d i ­
e l e c t r i c  c o n s ta n t i s  about 60 in  h O a c e to n e  a s  compared w ith  81.8  
f o r  pure w a te r, L n ^ 8-^ w i l l  be c lo se  to  u n i ty .
A number of methods f o r  determ in ing  c o n c e n tra tio n  eq u ilib riu m  
c o n s ta n ts  i s  a v a i la b le .  C e rta in  l im i ta t io n s  a re  imposed on v a rio u s  
tech n iq u es due to  th e  n a tu re  o f th e  measurements invo lved , th e  n a tu re  
o f th e  in te r a c t in g  sp e c ie s , and s o l u b i l i t i e s .  Some tech n iq u es in v o lv e :
(1) R eaction  r a te s
(2) O xidation p o te n t ia ls
(3) E le c t r ic a l  conductance
(4) P o la rog raph lc  measurements
(5) Spectropho tom etric  measurements ( J o b 's  method)
(6) Ion exchange
(7) pH measurements
For a  d e ta i le d  d isc u ss io n  on the  a p p lic a t io n  o f  th e se  tech n iq u es , 
r e f e r  to  R o ss o tti  and R o ss o ttl  (23) o r  M a rte ll and C alv in  (1 9 ).
The s t a b i l i t y  c o n s ta n ts  o f m etal phenyl Z p y rid y l ketox lm ates 
have been determ ined by pH m easurem ents. D e ta ils  o f t h i s  techn ique 
can be found in  C hapter I I .
CHAPTER I
CHARACTERIZATION OF PHENYL Z-PTRIDTL KETQXIME
P re p a ra tio n  a^d P ro p e r t ie s  o f th e  Reagent
At the  beg inn ing  of the  century,, T sc h itsc h lb a b ln  (41 ) observed 
two s te reo iso m ers  o f  phenyl 2 -p y rid y l ketoxime (PPK)„ C orrespondingly , 
two s t r u c tu r e s  could  be w r i t te n .
m„p. 165-167°C m .p. 150-152°C
The c o rre o t  assignm ent o f  the  a n t i  and svn forms had to  aw ait an 
in v e s t ig a t io n  by H untress and W alter (30 ), who d i f f e r e n t i a t e d  them 
by t h e i r  Beckmann rearrangem ent p ro d u c ts . Assuming t r a n s  in te rch an g e  
o f  groups du rin g  th e  rearrangem ent, th ey  made t h e i r  assignm ent ac­
co rd ing  to  th e  i d e n t i f i c a t io n  o f th e  h y d ro ly s is  p ro d u c ts . The h ig h e r 
m elting  oxLme gave a n i l in e  and p lc o l in ic  a c id  upon h y d ro ly s is  whereas 
th e  svn isom er gave benzoic a c id  and 2-amino p y r id in e .
Phenyl Z- p y r id y l ketoxlme i s  a r e a c t iv e  c h e la tin g  agen t and 
form s co lo red  complexes w ith  a number o f t r a n s i t i o n  m etal io n s . I t s  




I t  i s  th e  :=B-»0 form which complexes th e  m etal w ith  rep lacem ent o f 
th e  hydrogen io n . Methods fo r  th e  c o lo r im e tr ic  d e te rm in a tio n  o f  F e (H ) 
and P d ( I I )  have been rep o rte d  in  th e  l i t e r a t u r e  (35, **&)• Other 
t r a n s i t i o n  m etal io n s  such as C u(l) and C u(H )» C o (H ), M n(II)„ N l(H ) ,  
and P t ( I l )  should len d  them selves to  apec tropho tom etric  a n a ly s is  a l s o .
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Phenyl 2 -p y rid y l ketoxlme was p repared  by a v a r ia t io n  o f th e  
sy n th e s is  g iven  by D iehl and Sm ith(12). B enzoylpyridine (200 g) 
was d isso lv e d  in  350 ml of 95% e th a n o l. To t h i s  s o lu tio n  was added 
150 g o f  hydroxylammonium c h lo rid e  In  200 ml o f  w ater fo llow ed by th e  
slow a d d it io n  of 100 g o f  ho t sodium hydroxide In  200 ml o f w a te r.
The magenta so lu tio n  was re f lu x e d  f o r  an hour on a steam b a th  and 
cooled  to  room tem p era tu re . Dry Ice  was added to  lower th e  pH to  
about 7 whereupon the  m ixture o f a n t i -  and svn- oximes p r e c ip i ta te d .
The p r e c ip i t a te  was allowed to  stand  fo r  se v e ra l hours a t  room tem ­
p e ra tu re  , I t  was th en  f i l t e r e d ,  washed, and d r ie d  a t  room tem p era tu re . 
The lower m alting  isom er was r e t r ie v e d  by r e c r y s t a l l i z a t i o n  from 
ch lo ro fo rm . T his proem  dure was rep ea ted  w ith  a minimum amount o f 
e th a n o l u n t i l  snow w hite c r y s ta l s  m elting  w ith in  th e  range 150-152°C 
were o b ta in ed .
Svn-PPK i s  u n s ta b le  toward h e a t and s u n l ig h t .  For t h i s  reason  
th e  re a g e n t was s to re d  in  a brown b o t t l e  under r e f r i g e r a t io n .  I t  i s  
so lu b le  in  ace to n e , d ioxane, isoany  1 a lc o h o l, chloroform , benzene, 
and warm e th a n o l, b u t in so lu b le  in  w a te r.
P ro to n a tio n  of. th e  P y rt^ y l N itrogen
PPK i s  a weak base because th e  p y rld y l n itro g e n  can accep t a
p ro to n . By d e f in i t io n  = (PPK^(H*) ^ )
H (HPPK+)
accord ing  to  th e  e q u ilib riu m
I t  i s  ex p ed ien t to  d e riv e  an equation  r e la t in g  K^g to  m easurable 
q u a n t i t i e s ;
(PPK) = t o t a l  a n a ly t ic a l  c o n ce n tra tio n  PPK -  (HPPK+ ) (2)
(HPPX*) = (fl£) -  (H j) (3 )
because th e  decrease  in  hydrogen ion  c o n c e n tra tio n  should equal th e
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m o u n t o f HPPK+ formed by th e  pro to  n a tio n  o f PPK. When equations 
(2) and ( 3 ) a re  s u b s ti tu te d  in to  (1 )
% * =  [ (W  ~ [<■£>] = 1 (Tppg) " C K ) -  «$>
(Hppr*') [(Hf) - ( 4 ) ]
KNh = (tp p k ) -  [ (H j )  -  (H f)]  o
.  1 (4)
(H*)
These q u a n t i t ie s  a re  measured as fo llo w s; TppK re p re se n ts  th e  t o t a l  
amount o f PPK to  g ive a sp e c if ie d  c o n c e n tra tio n  in  moles per l i t e r  
w ithou t c o n s id e ra tio n  o f p ro to n a tio n . (H^) i s  th e  hydrogen io n  con­
c e n tr a t io n  b e fo re  PPK i s  added (due to  presence o f an a d d  such as 
HClOjij,)* (H£) i s  th e  hydrogen ion  c o n ce n tra tio n  a f t e r  th e  PPK i s  
added; th e  hydrogen io n  co n ce n tra tio n  decreased  by an amount equal to  
th a t  o f  the  HFPK+ formed,,
Kg^ was ev a lu a ted  a t  v a rio u s  io n ic  s tre n g th s  and e x tra p o la te d  
to  i n f i n i t e  d i lu t i o n .  The c o n s tan t was o f  p a r t i c u la r  i n t e r e s t  a t  
th e  io n ic  s tre n g th s  0 .025 , 0.050„ 0.075o and 0.100 M. These va lues 
were o b ta in ed  by in te r p o la t io n  o f th e  d a ta .  Io n ic  s tre n g th  was 
made a somewhat continuous v a r ia b le  so t h a t  a p lo t  o f K^g v e rsu s 
'V /T  would be more c le a r ly  defin ed  than  i f  on ly  a few s tre n g th s  
were s e le c te d .
Two so lu tio n s  were p repared , (B) c o n ta in in g  no PPK from which 
(H^) could  be e v a lu a ted , and (A) c o n ta in in g  a  known t o t a l  a n a ly t ic a l  
c o n c e n tra tio n  o f PPK from which (H^) could  be e v a lu a te d . The knowl­
edge o f (H£), (H f), and (Tppg) fo r  a g iven  io n ic  s tre n g th  i s  su f­
f i c i e n t  to  e v a lu a te  S o lu tio n s A and B were con tinuously  v a r ie d
w ith  r e s p e c t  to  io n ic  s tre n g th  by t i t r a t i n g  in to  each system a so lu tio n  
which was Id e n t ic a l  in  every re sp e c t excep t fo r  th e  i n e r t  s a l t ,  which
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was p re sen t in  th e  t l t r a n t  o n ly . Thus, whan th a  t i t r a n t  was addad, 
th a  so lu tio n  changed only w ith ra sp a c t to  Ion ic  s tre n g th . Tha t o t a l  
Io n ic  s tra n g th  was racorded along w ith  (Hj) In  B and (H^) in  A. Hy­
drogen Ion co n can tra tlo n  was measured d i r e c t ly  from a hydrogen e le c ­
tro d e  w ithout In te r fe re n c e  from PPK. Conversion of emf to  pH w il l  
be d esc rib ed  in  Chapter U .
Sample C a lcu la tio n  fo r  th a  D eterm ination of
Temperature . . . 40° C Ion ic  S tren g th  . . , 0.100 M
From Figure 3 : pHf  = 2.705 (Hf +) = 1.973 I  10“ 3 M
pl^  = 2.274 (Hi +) = 5.325 I  10 3 M
t ppk = 5e0 1 10~3 M
\  = CTPPK) -  [ a g )  -  (H f)j B 5.0 I  10“ 3 -  3.352 X 10
K*h = 9 .7  I  10
Lll




A  o th e r  d a ta  and r e s u l t s  p e rta in in g  to  a re  to  be found on
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TABLE I  
DET FKHINATION o f  K ^
Io n ic  s t r e n g th  . . .  O.QIO M t o  0 .177  M Tem perature . . .  20* 30? and 40° C
PREPARATION o f  SOLUTIONS
SOLUTION TIT RANT
2 3 .0 0  ml O.GCLO M HC10,
4
0.0495 g PPK
25.3  ml a ce to n e
D ilu te d  t o  50 .00  ml w ith  
40£ ace to n e
-3
T o ta l  PPK “  HC10 -  5*0 I  10 " M 
4
2 5 .0 0  ml 0 .010  M HC10
4
O.Q495 g PPK
4 .25  g NaCIO 
4
25 .3  ml ace to n e
D ilu te d  to  50 .00  ml w ith  
4Q£ ace to n e
Same aa  s o lu t io n  excep t
1 .0 0  M in  NaCIO,
B
SOLUTION
2 5 .0 0  ml O .d O  M HC104
25.3  ml ace to n e
D ilu te d  t o  50 .00  ml w ith  
40£ a ce to n e
TITRANT
2 5 .0 0  ml 0 .010  M HC10.4
4 .2 5  g JlaC104
25*3 ml ace to n e





Temperature ... 20 C
ml t i t r a n t ** E A
0 4 0 5 .5 1 6 0 .2 0 .0 1 0 0
0 .2 0 406 .5 16 1 .2 0 .0139
0 .5 0 4 0 7 .5 1 6 2 .2 0 .0199
0 .7 0 4 08 .8 1 6 3 .5 0 .0238
1 .0 0 4 0 9 .9 1 6 4 .6 0 .0296
1 .5 0 411 .5 1 6 6 .2 0 .0391
2 .0 0 4 1 2 .6 167 .3 0 .0485
3 .0 0 414-4 1 6 9 .1 0 .0666
5 .0 0 4 1 6 .4 1 7 1 .1 0 .101
7 .0 0 4 1 7 .7 1 7 2 .4 0 .133
1 0 .0 0 4 1 9 .0 1 7 3 .7 0 .1 7 7
B
0 3 8 0 .7 1 3 5 .4 0 .0100
0 .2 0 3 8 2 .1 1 3 6 .8 0 .0139
0 .5 0 3 8 3 .4 1 3 8 .1 0 .0199
0 .7 0 3 8 4 .1 1 3 8 .8 0 .0238
1 .0 0 3 8 4 .7 1 3 9 .4 0 .0296
1 .5 0 3 8 5 .8 1 40 .5 0 .0391
2 .0 0 3 8 6 .5 141-2 0.0485
3 .0 0 3 8 7 .8 1 4 2 .5 0 .0666
5 .0 0 3 8 8 .3 1 4 3 .0 0 .1 0 1
7 .0 0 3 9 0 .3 1 4 5 .0 0 .133
1 0 .0 0 1 4 5 .8 0 .1 7 7
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TABLE I I I  MEASUREMENTS
A
__________________________________________Temperature . . .  30 C
ml t i t r a n t Em E A
0 396.7 158.7 0 .0 1 0 0
0.20 398.3 160.3 0.0139
0 .50 400.0 162.0 0.0199
0 .70 400.7 162.7 0.0238
1 .00 402.0 164.0 0.0296
1 .50 403.5 165.5 0.0391
2 .00 404.8 166.8 0.0485
3 .0 0 406.2 168.2 0.0666
5.00 406.0 170.0 0.101
7.00 409.6 171.6 0.133
10.00 411.0 173.0 0.177
B
0 371.0 133.0 0.0100
0.20 372.2 134.2 0.0139
0 .50 374.0 136.0 0.0199
0 .70 374.5 136.5 0.0238
1 .00 375.7 137.7 0.0296
1.50 377.0 139.0 O.Q391
2.00 377.5 139.5 0.0485
3 .00 378.5 140.5 0.0666
5.00 380.2 142.2 0 .1 0 1
7.00 381.1 143.1 0.133




Temperature ... AO C
t i t r a n t E M
0 384*5 154.5 0 .0 1 0 0
0 .20 386 .7 156.7 0.0139
0 .50 389 .8 159.8 O.Q199
0 .70 390 .8 160.8 0.0238
1 .00 391 .8 161.8 0.0296
1 .5 0 393.2 163.2 0.0391
2 .0 0 394 .6 164.6 0.0485
3 .0 0 396 .0 166.0 0.0666
5 .00 398 .0 168.0 0.101
7 .00 399.8 169.8 0.133
10.00 401.5 171.5 .  , 0 4 7 7
B
0 3 6 3 .3 133.3 0 .0 1 0 0
0 .2 0 364 .2 134.2 0.0139
0 .5 0 365.2 135.2 0.0199
0-70 3 6 6 .0 136.0 0.0238
1 .0 0 366 .8 136.8 0.0296
1 .5 0 368 .0 138.0 O.Q391
2 .0 0 3 6 9 .0 139.0 O.Q485
3 .0 0 369.9 139.9 0.0666
5 .00 371.5 141.5 0.101
7 .0 0 372 .4 142.4 0.133
10 .00 373.3 . U 2 .-2 _______ 0.177
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Figure 3 
D eterm ination o f
Curve A -  Emf due to  a c t i v i t y  o f  hydrogen 
ion  in  absence o f PPK
Curve B -  Emf due to  a c t i v i t y  o f  hydrogen 
ion  in  presence of PPK












T A x J L i i  V
RESULTS
Tem perature. . . 20° C
J ji  (D d i lu t io n 0.025 M 0.050 M 0.075 M 0.100  M
E pH E PH E pH E pH E pH
A -  - 163.9 2 .821 167.7 2.886 1 6 9 .7  2 .9 2 1 171.1  2.945
B 138.8 2.389 141.4  2.434 142.9  2 .460 144 .0  2 .477
U .O  I  10"4 14.2 1 10~4
»4
14-3 I  10
-4
14*4 1 10 14*5 I  io -4
Tem perature . . .  30° C
/ i  00 d i lu t io n 0.025 M 0.050 M 0.075 M 0.100 M
E pH E pH E pH E pH E pH
A - 163 .2  2.711 166.8 2 .771 168.9  2.809 170 .4  2.831
B - 136.6 2 .269 139-5 2.317 141.3 2.347 142.4  2.365
%  7 ' 3 x io"4 9.3 x io“4 10.1 x io~4 1 0 .8  X 10"4 11.3 x io-4
oTem perature . . .  40 C
JA 00 d i lu t io n 0.CC5 M 0.050 M 0.075 M 0.100 M
E PH E pH E pH E pH E pH
A - 161.1 2.584 164.6 2.642 166.9 2.680 168.5 2.705
B - 136.2 2.187 138.9 2.230 140.6 2.257 141.7 2.274
%  5 *3
x 10"4 7 .4  X 10“4 “4 8 .7  x 10
-4 










0.80.6 1.00.2 0 .40
\T/T
Figure 4 . Km v ersus Square Root Ion ic  S tren g th  
H a t  20°, 30°, and 4<TC.
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Acid D is so c ia tio n  o f  th a  Qximo
Behaving a s  an a c id  In  a lk a l in e  s o lu t io n s ,  tha  oxirae d is ­
s o c ia te s  =C=NOH =C=HO~ + H+ o r  sim ply HA H+ + A” . This 
re p re s e n ts  th e  d is s o c ia t io n  o f a weak a c id  whose io n iz a t io n  c o n s ta n t 
can be determ ined by th e  method o f h a l f - n e u t r a l i z a t io n .
Ka = (H*)(A“ ) (5)
(HA)
At h a l f - n e u t r a l i z a t io n ,  (A“ ) = (HA), so th a t  Ka = (tf*)a t  n e u tra i,
i z a t io n .
Again th e  proc e du re  was to  a llow  io n ic  s tre n g th  to  be a 
somewhat continuous v a r ia b le .  A 50.00 ml s o lu tio n  o f  0.020 M 
PPK (HA) and 0.010 M NaOH, re p re se n tin g  th e  h a l f — n e u tra l iz e d  oxime 
was t i t r a t e d  w ith  an id e n t ic a l  so lu tio n  co n ta in in g  a background 
s a l t .  The pH was th en  measured a s  a fu n c tio n  o f  io n ic  s tre n g th , 
which a ls o  re p re s e n ts  pK^ a s  a fu n c tio n  o f  io n ic  s t r e n g th .  An 
e x tra p o la t io n  to  i n f i n i t e  d i lu t io n  gave th e  thermodynamic Ka .
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TABLE VI 
DETERMINATION o f Ka 
Io n ic  s t r e n g th  . . .  O.OQLOO M t o  0*177 M T em perature . . .  20® 30? and 40° C
PREPARATION o f  SOLUTIONS 
SOLUTION TITRANT
0.1980  g PPK 0 .1980  g PPK
5 .0 0  ml 0 .100  M NaOH 5 .0 0  ml 0 .100  M NaOH
2 0 .0 0  ml t^O
25*3 ml ace tone
D ilu te d  t o  50 .00  ml w ith  
UC% ace to n e
4 .2 5  g NaClO^
20 .0 0  ml f^O
25*3 ml a ce to n e
D ilu te d  t o  50 .00  ml w ith  
40£ a ce to n e
TABLE V II MKASUR9IENTS
Tem perature . . .  20° C
ml t i t r a n t E PH A
0 960.5 715.2 12 .31 0.0100
0 .2 0 959.5 714-2 12 .29 0 .0 1 3 9
0 .5 0 958.5 713.2 12 .28 0.0199
0 .7 0 958 .1 712.8 12.27 0.0238
1 .0 0 957.5 712.2 12 .26 0.0296
1 .5 0 956 .5 711.2 12.24 0.0391
2 .0 0 9 5 6 .0 710 .7 12.23 0.0485
3 .0 0 955 .2 709.9 12.22 0.0666
5 .0 0 953.3 708.2 12 .19 0.101
7 .0 0 951.5 706.2 12.15 0.133
10 .00 949-5 704.2 12.12 0.177
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TABUS V I I I ______________________________________ T em p era tu re  . . .  30 °  C
ml t i t r a n t Em E PH M
0 9 6 5 .8 7 2 7 .8 1 2 .0 9 0 .0 1 0 0
0 .2 0 964-7 7 2 6 .7 1 2 .0 ? 0 .0139
0 .5 0 9 6 3 .5 7 2 5 .5 12 .05 0 .0199
0 .7 0 9 6 2 .7 7 2 4 .7 1 2 .0 4 0 .0238
1 .0 0 9 6 2 .0 7 2 4 .0 12 .03 0 .0 2 9 6
1 .5 0 9 6 0 .0 7 2 2 .0 1 1 .99 0.Q391
2 .0 0 9 5 8 .5 7 2 0 .5 1 1 .9 7 0 .0 4 8 5
3 .0 0 9 5 6 .5 7 1 8 .5 1 1 .9 4 0 .0 6 6 6
5 .0 0 953-5 715-5 11 .89 0 .1 0 1
7 -0 0 9 51 -1 7 1 3 .1 1 1 .8 5 0 .133
1 0 .0 0 9 4 8 .9 7 1 0 .9 1 1 .8 1 0 .1 7 7
TABLE IX T em p era tu re . . .  40 °  C
t i t r a n t Em E PH
0 9 6 6 .6 7 3 6 .6 1 1 .8 2 0 .0 1 0 0
0 .2 0 9 6 5 .8 7 3 5 .8 1 1 .8 1 0 .0 1 3 9
0 .5 0 9 6 4 .0 7 3 4 -0 1 1 .78 0 .0 1 9 9
0 .7 0 9 6 3 .2 7 3 3 .2 1 1 .7 7 0 .0238
1 .0 0 9 6 2 .0 7 3 2 .0 1 1 .75 0 .0 2 9 6
1 .5 0 9 6 0 .0 7 3 0 .0 1 1 .72 0 .0 2 9 1
2 .0 0 9 5 8 .5 7 2 8 .5 1 1 .69 0 .0485
3 .0 0 9 5 6 .5 7 2 6 .5 1 1 .6 6 0 .0 6 6 6
5-0 0 9 5 3 .5 7 2 3 .5 1 1 .6 1 0 .1 0 1
7 .0 0 9 5 1 .0 7 2 1 .0 1 1 .5 7 0 .133
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Figure 5. Determ ination o f the Acid D issocia tion  Constant of PPK by H alf- 
n e u tra llx a tio n  Method a t  20°, 30°» ®nd i+0°C.
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TABLE X
EXPEMMEHTAL VALDES OF K X 101^&
Io n ic
S tre n g th 00 d l l . 0 .025 M 0.050 M 0.075 M 0.100 M
20° C 4.47 5.40 5.90 6.20 6.52
30°C 7.20 9.25 10.9 12.0 12 .9
40°C 13.5 17.2 20.4 22.8 24 .6
CHAPTER I I
DETERMINATION OF SUCCESSIVE FORMATION CONSTANTS
OF
PHENYL 2-FIR3DTL KETOHMATES
P r i v a t i o n s  o f C om putational Techniques
In  h is  o r ig in a l  papar, BJerrum (8) d iscu ssad  th a  com putational 
tech n iq u es  fo r  su ccess iv e  fo rm ation  c o n s ta n ts  o f m etal a m in e s  in  
aqueous s o lu t io n s .  Slnoe th en , h is  method has been u t i l i z e d  by 
numerous in v e s t ig a to r s .  In  a review  by Sen (3 6 ). a l l  o f  th e  g e n e ra l 
e q u a tio n s  f o r  th e  com putation o f fo rm ation  c o n s ta n ts  have been d e r iv e d . 
In  th e  ensuing d is c u s s io n , a l e s s  com prehensive, y e t  adequate  t r e a t*  
ment i s  p re se n te d .
AT 1 th e  m e ta l(H )  complexes s tu d ie d  in  t h i s  in v e s t ig a t io n  a re  
o f  th e  type  MA2 , where A re p re s e n ts  a b ld e n ta te  l ig a n d . C onsequently , 
B Jerrum 's techn ique  w i l l  be a p p lie d  h e re  s p e c i f i c a l ly  to  th e  s te p ­
w ise fo rm ation  o f  Mi2 * C taitting  th e  charge on th e  m etal (M) and 
th e  lig a n d  (A), th e  fo llo w in g  e q u i l ib r ia  a re  r e p re s e n ta t iv e  o f the  
system  enoountered :
M + A —  MA (1 )
Ml + A ^  MA2 (2)
The su ccess iv e  fo rm ation  c o n s ta n ts  a re :
K1 = °MA (3)
G)!* Ca
K2 = V ,  <*>
CmA* CA
The degree of fo rm ation  o f  t h i s  system  i s  d e fin ed  a s  th e  a v e r­
age number o f  l ig a n d s  bound to  th e  m e ta l, sym bolized by n .
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n = t o t a l  number o f  Hg*™U bound to  m etal
t o t a l  nuiibar o f  n a ta l  sp e c ie s  p re se n t
R = t o t a l  c o n c e n tra tio n  o f lig a n d  bound to  n a ta l
t o t a l  c o n c e n tra tio n  o f n a ta l  in  th e  system
C^(bound) = Cj^ + 2
Thus n i s  a fu n c tio n  o f C^. I f  th a  lig a n d  i s  an  an ion  o f  an a c id  
Hi, deno tes th a  c o n c e n tra tio n  o f th a  f r e e  an ion  A. T his i s  th a  
case  w ith  phenyl 2 -p y rid y l ketoxime which d is s o c ia te s  to  g ive  a 
p ro ton  and a s tro n g  con jugate  b a se .
The r a t i o  o f  su ccess iv e  fo rm ation  c o n s ta n ts  depends on e le c ­
t r o n ic ,  chem ical, and s t a t i s t i c a l  e f f e c t s .  The l a t t e r  a f f e c t  can 
be e v a lu a ted  f ro n  a  c o n s id e ra tio n  o f th e  number o f ways o f in tro d u c in g  
o r  w ithdraw ing a l ig a n d . Tha tendency f o r  a 11gand to  d is s o c ia te  from 
th e  compound i s  p ro p o r tio n a l to  n , th e  number o f l ig a n d s  a lre a d y  
a t ta c h e d . I t s  tendency to  combine w ith  i s  p ro p o r tio n a l to  I -  n v 
where N i s  th e  c o o rd in a tio n  number o f  th e  m e ta l. Although t h i s  a p p lie s  
on ly  to  u n ld e n ta te  l ig a n d s , a s im ila r  a p p lic a t io n  to  b id e n ta te s  i s  pos­
s i b l e .  Of p a r t i c u la r  I n t e r e s t  a re  complexes e x h ib it in g  a  c o o rd in a tio n  




1 + K-j • + K"| • Kg* CA2
4 5
( a ) Square Plane (b ) T etrahedron
F igure  6. C o n fig u ra tio n s  fo r  C oord ination  Humber Four
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For a square p lan a r c o n fig u ra tio n , th a  f i r s t  lig a n d  can b« 
in tro d u ced  In  4 ways, excluding  th e  p o s s ib i l i ty  o f lig a n d -m e ta l bonds 
In  th e  t r a n s  p o s it io n s  ( j ^ e «, in  th e  1-3 o r  2-4 p o s i t io n s  In  F igure 
6 - a ) .  However, s e t  1-2 and >°4 In d is tin g u ish a b le  from s e t  2-3 
and 4-1 when th e  b ld e n ta te  i s  u n sy n m etrica l. T his r e s u l t s  in  a 
t o t a l  o f  2 p o ss ib le  ways o f  In tro d u c in g  th e  l ig a n d . One lig a n d  may 
s p l i t  o f f  only  in  one way. i s  p ro p o rtio n a l to  th e  r a t i o  o f th e  
ways o f in tro d u c in g  a group to  th e  ways o f s p l i t t i n g  o f f  one group.
£, oc 2/1
There i s  on ly  one way to  in tro d u ce  th e  seaond group, b u t 2 ways fo r  
i t  to  s p l i t  o f f .
*2 - 1/2
K, : S2 = 2/1 : 1 /2  
From p u re ly  s t a t i s t i c a l  c o n s id e ra tio n s , Kj : K2 = 4 # (8)
I f  th e  c o n fig u ra tio n  i s  te t r a h e d r a l  in s te a d  o f square p la n a r ,
th e re  a re  no t r a n s  p o s i t io n s ,  b u t p o s it io n s  1 -2 , 1-3 , and 1-4 a re
i d e n t i c a l ,  a s  w e ll a s  p o s it io n s  2 -3 , 3 -4 , and 4 -2  (F igure  6 -b ) .
The f i r s t  group may be in tro d u ced  in  two ways b u t may leav e  in  only  
one way, L| ce 2/1
and by s im ila r  argum ents, 04 1 /2 .
Again from  s t a t i s t i c a l  c o n s id e ra tio n s , : K2 = 4 . (9)
In  o rd e r to  account fo r  fo rc e s  o th e r  than  s t a t i s t i c a l ,  BJerrum 
in tro d u ced  a sp read ing  fac to r , x , which i s  a c o n s tan t fo r  a  g iven  sys­
tem and may have any va lue  between zero and i n f in i t y  ( e .g . . f o r  a 
square p la n a r  o r  t e t r a h e d r a l  c o n fig u ra tio n  and a b ld e n ta te  l ig a n d ,
£ | : K2  = 4 x ^ ) .  When x -  1, th e  r a t i o  between su ccess iv e  c o n s ta n ts  
i s  th e  s t a t i s t i c a l  ra t io o  An average c o n s ta n t, l s  n^w in t r o -
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duced. &AV« In  such a way th a t  i t  i s  sym m etrically  i n t e r ­
m ediate between and K2 . I t  i s  r e la te d  to  th e  su ccess iv e  fo rm ation
c o n s ta n ts  and th e  o v e ra l l  s t a b i l i t y  c o n stan t (thermodynamic) by:
2
^thermo = ^1 * ^2 = ^*ve w*len 8 = 2 . From th e  symmetry p ro p e rty  o f 
KaVe come th e  r e la t io n s  = Ka v e ' 2 x (10)
K2 = K*ve* 1 /2  x . (11 )
R eturning  to  eq u a tio n  (7 ) . using  (10)and (11) fo r  Kj and K2 re s p e c t­
iv e ly , we have n = Kave * 2 x ■ CA + 2 Ca . (12)
1 + Kave* 2 1 * CA + ^ v e * ' CK
When n = 1, so lv in g  eq u atio n  (12 ), Kav# = 1/C ^. (13)
In  th e  fo rm ation  curve, n versu s pCA (i . e . .  -  log  CA), th e  value
o f pCA corresponding  to  n = 1 i s  equal to  log  Kav e*
In o rd e r to  g e t and K2 , the  sp read ing  f a c to r ,  x , must be 
known. I t  may be o b ta in ed  by f in d in g  th e  slope  o f 5 v e rsu s log  CA 
a t  fi = 1 . D i f f e r e n t ia t io n  o f n w ith  re s p e c t  to  from eq u a tio n  (12) 
g iv es dn/dCA =
(2x.K • Ca+212 -Ca ) ( 2 x .K + 2K2 C .)-(1+K . 2x*CA+JC2. C *)(K . 2X+4K2* CA) (14) ave ave ave ave* ave aveA ave aveA
( 1 + ^ave* 2 x» CA + K^ve * ^A2 ^
S u b s t i tu t in g  KaVe = 1/Ca ( a t  R = 1) in to  eq u a tio n  (14) reduces i t  to
CdfS/dCA>B = r  <15>
1 + x (1 + x)CA
From the mathematical relation dy/dz = dy/z d(ln z) we have
(dS/dCA)„ = 1 . (dn/d(lnC  )1
n = 1 q A n = 1
A
(dn/dC.)- = 0,4343 [dH/d(log C.)V . (16)
n = 1 CA n = 1
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Equating (dn /dC .) in  (15) a~nd (16),
n = 1
a j t a i  ^ fs/dciog  c . j ] .p A J n =
A
-0.4343  [dn/d (log  CA)\ = 1 = A
"  = 1 1 + x
The m idpoint s lo p e , - 0 .4343[dn /d (log  C^)j„ » P®r®its one to  © valuata
x , and consequently  and Eg using  aq u a tio n s  (10) and (1 1 ).
The magnitude o f x  i s  r e la te d  to  the  d ivergence o f  E^  and Eg 
from th e  s t a t i s t i c a l  r a t i o .  When x > 100, th e  two s te p s  a re  so la rg e ly  
se p a ra ted  th a t  th e  form ation  o f the  two complex sp ec ie s  can be fol*-> 
lowed independen tly ; th e  m idpoint slope  th en  approaches z e ro . When 
x >  100, Ej and Eg may be determ ined g ra p h ic a l ly . At n = 0 .5 0 , from 
eq u a tio n  (7 ) , E1 = 1 (17*)
Ca^3^2“ ^A+  ^ ^
Ki = 1/CA (17b)
because when x i s  l a rg e ,  th e  term  3Kg* -* 0 .
At fi = 1 .5 . ag a in  using  equation  (7 ) ,
V  1 ♦ 3/*1 (18a)
CA
E2 = 1 /C^ (18b)
because when x i s  la rg e ,  th e  term 3 / ^  • *
When x i s  sm all, Ej and Eg can be determ ined by success iv e  
s u b s t i tu t io n  in  eq u a tio n s  (17*) and (18a). By s u b s t i tu t in g  * rea so n ­
a b le  v a lu e  o f Eg in to  equation  (17*), *n approxim ate v a lu e  f o r  E^  i s  
computed. This va lue  o f Ej i s  then  p laced  in to  eq u a tio n  (18a) to  
o b ta in  a more a c c u ra te  va lue  o f  E^ which i s  a g a in  s u b s t i tu te d  in to  
eq u a tio n  (17*). T his p rocess i s  rep ea ted  u n t i l  E^  and Eg rem ain 
unchanged by f u r th e r  s u b s t i tu t io n .
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Sine* th e  t o t a l  c o n c e n tra tio n  o f  th e  n a ta l  i s  known, n, th a  
degree o f  fo rm ation  o f  th e  system , oan be found once th e  coneen- 
t r a t i o n  o f bound lig a n d  has been a s c e r ta in e d . C h e la tio n  ta k e s  p lace  
w ith  lo s s  o f a p ro ton ; hence, pH sould  be a measure o f  th e  degree  o f  
fo rm a tio n . Follow ing th e  techn ique  o f C alv in  and M elchior (25 ), two 
t i t r a t i o n  curves a re  n ecessa ry :
I .  T i t r a te  th e  re a g e n t in  th e  absence o f  a m eta l w ith  NaOH.
I I .  T i t r h te  th e  re a g e n t in  th e  p resence o f  a m etal w ith  NaOH, main­
ta in in g  an excess o f  th e  re a g e n t.
More base w i l l  be re q u ire d  in  I I  because com plexation has l i b ­
e ra te d  hydrogen io n s  and th e  increm ent re q u ire d  to  g ive  system  U  th e  
same pH a s  system  I  co rresponds to  th e  amount o f  bound l ig a n d . A 
la rg e  excess o f  th e  rea g en t i s  used  so t h a t  th e  hydrogen io n  concen­
t r a t i o n  due to  th e  d is s o c ia t io n  o f th e  re a g e n t does n o t change ap­
p re c ia b ly  due to  consum ption o f th e  re a g e n t th rough  c h e la t io n .  In as­
much a s  PPK i s  a very  weak a c id , t h i s  e f f e c t  i s  n e g lig ib le  even i f
on ly  a very  small exoess o f  th e  re a g e n t were m ain ta in ed .
F in a lly  C^ must be d e riv e d  from measured q u a n t i t i e s .  I t  i s  a 
fu n c tio n  o f  pH and unbound H g»nd c o n c e n tra tio n  and depends a ls o  on 
th e  ac id  d is s o e la t io n  c o n s ta n t and th e  e x te n t  o f  p ro to n a tio n  a t  th e  
p y rld y l n itro g e n  o f PPI.
The unbound ~Hg*nri c o n c e n tra tio n  i s  th e  d if f e r e n c e  betw een th e  
t o t a l  l ig a n d  c o n c e n tra tio n  and th e  bound l ig a n d . The form er i s  known 
and th e  l a t t e r  can be a s c e r ta in e d  by th e  method d e sc rib e d  above. The 
d e te rm in a tio n  o f Ka and khh have been d isc u sse d  in  C hapter I .
The fo llo w in g  d e r iv a tio n  i s  o f fe re d  to  r e l a t e  to  m easurable 
q u a n t i t ie s :
S = unbound lig a n d  c o n c e n tra tio n  = t o t a l  -  bound
S = H2l+ + Hi + A" (24a)
pro to  na te d  u n d is so c ia te d  d is s o c ia te d
HA ^  H+ + A“ I  * (H^)(A“ ) (1 9 ) (HA) = (H+)(A~) (20)
(HA) Ka
H^ A+^  HA + H+ Km„= (HA)(H+) (21) (H„A+ ) = (ff*)(HA) (22)
H ( v + > ~ s T
Combine (20) and (22) r ( H ^  = (H*)2 ( Q  (23)
«*H’ Ka
Put th e  e x p re ss io n s  d e riv e d  fo r  HA and HgA* from (20) and (23) in to  
(2 lta): S = («*•)(*-) + (Bt ) Z(**) + (A“ ) (21H>)
I a Ka . K„H
(A~) -  S > * .»  gNH (24c )
<**>]+ *«H
(A“ ) 3  3 ‘ 8 a ’ *SH (2M )
The approxim ation  I n  eq u a tio n  (24d) i s  J u s t i f i e d  because th e  term  
V  %  is very  sm all u n t i l  (H+ ) —  ^ K^, which is n o t e v id e n t below 
pH o f  10 .
Preparation o£ Solutions
Q u a lity  o f  re a g e n ts ;  a n a ly t i c a l  re a g e n t grade 
S ta n d a rd isa tio n : to  a t  l e a s t  th re e  s ig n i f ic a n t  f ig u re s
Mercury and s in e  p e rc h lo ra te  so lu tio n s  were p repared  by d i s ­
s o lu t io n  o f known w eigh ts o f t h e i r  o x id es in  excess (bu t a c c u ra te ly  
m easured) s tan d ard  H&0^. Lead and cadmium were weighed a c c u ra te ly  
a s  PbHO^ and CdHO^* 4 ^ 0 .  N ickel n i t r a t e  was analy sed  g ra v lm e tr lc a lly  
a s  th e  d im ethy lg lyox im ate• All s o lu t io n s  were 5*00 X 10“ ^ M in  m eta l 
io n  and 4 .00  X 10“ 3 M In  HCIO^.
A 0.1997 M NaOH sto ck  s o lu t io n  was s ta n d a rd ise d  w ith  o x a li c 
a c id .  S tandard  KaOH was th en  used to  p repare  a s tan d ard  stock  so lu ­
t io n  o f HClO^o A 1 .00  M HaClO^ s o lu t io n  was p repared  by weighing ac­
c u ra te ly  ( to  0.1 rag) NaClO^ which had been d r ie d  f o r  s e v e ra l days
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a t  110°C to  remova w ater o f  h y d ra tio n . S tandard 0.100 M NaOH in  
40jt aca tona  served  a s  th a  t i t r a n t  and was p raparad  a s  naadad.
Fraah t i t r a n t  was p raparad  each day becausa acatona  i s  n o t s ta b le  
in  a lk a l in e  s o lu tio n s  i n d e f in i t e ly .  Whenever w ater was re q u ire d , 
i t  was r e d i s t i l l e d  over a two fo o t column o f g la s s  h e lic e s  and s to re d  
under n itro g e n  to  p rev en t C0^ con tam ination .
S o lven t C r i te r ia
M etal c h e la te s  o f PPK a re  no t very  so lu b le  in  w a te r . Those 
who have undertaken  s im ila r  s tu d ie s  have found dioxane to  be a 
d e s ir a b le  so lv e n t (26, 4 3 ) . Although dioxane i s  a commendable s o l­
v en t f o r  PPK complexes, ace tone  a f fo rd s  su p e rio r  f e a tu r e s .  The l a t t e r  
i s  e a s i ly  p u r i f ie d  and i s  s ta b le  toward s to ra g e  w ithou t re q u ir in g  p re ­
c a u tio n s  a g a in s t  a i r  o x id a tio n .
When i t  becomes n ecessa ry  to  employ mixed so lv e n ts , i t  i s  
d e s i r a b le  to  c re a te  an environm ent fo r  th e  so lu te  in  which io n  p a ir  
fo rm ation  i s  m inim ised and s o lv e n t- s o lu te  I n te r a c t io n s  a re  very  sim i­
l a r  to  th o se  in  w a te r( i . e . .  one fo r  which th e  d i e l e c t r i c  o o n stan t i s  
a s  h igh  as p o s s ib le .  In  o p p o s itio n , however, i s  th e  n e c e s s i ty  o f 
low ering  th e  d i e l e c t r i c  c o n s ta n t in  o rd e r  to  d is so lv e  th e  c h e la te .
A 4 0 (by w eigh t) ace tone  s o lu tio n  in  w ater seemed to  be th e  b e s t  
compromise, and th e  corresponding  d i e l e c t r i c  c o n s tan t fo r  such a sys­
tem i s  n o t much low er th an  pure w a te r.
Acetone was p u r i f ie d  by th e  method o f W eissberger and P roskauer 
(2 4 ) . A few grams o f AgNO  ^ were d isso lv e d  in  20 ml o f  w ater and added 
to  700 ml o f  ace tone  fo llow ed by th e  a d d it io n  o f 20 ml o f normal NaOH. 
The acetone  was a g i ta te d  fo r  10 m inutes, f i l t e r e d ,  and d r ie d  over 
CaCl^. The d ry  ace tone  was th en  d i s t i l l e d  through  a two fo o t  column
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o f g la s s  h e l ic e s .  Only about th e  m iddle 60$ was c o lle c te d
TABLE XI
DIELECTRIC CGHSTAHT FOR ACETOHE-WATER SOLUTIONS (27) 
h.O X 108 c y c le s /s e c . and 19°C




8 0 .0 32.2
100.0 20.7
Q lass E lec tro d e  C o rrec tio n s  (5)
The n e c e s s i ty  o f  using  mixed so lv e n ts  has req u ire d  c o rre c tio n s  
on th e  g la s s  e le c tro d e .  T his requirem ent may be tra c e d  to  th e  prim­
a ry  medium e f f e c t ,  a s  w e ll a s  th e  v a r ia t io n  o f the  Ju n c tio n  p o te n t ia l  
o f  th e  s a tu ra te d  calom el e le c tro d e  w ith  so lv e n t com position . Change 
In  w ater a c t i v i t y  m ight appear a ls o  to  p re se n t a problem, b u t s in ce  
a 75$ dioxane s o lu t io n  d i f f e r s  on ly  by about 10$ In  a c t iv i t y  compared 
to  w ater (29, *K3)» **0$ acetone  w ith  a much h ig h er d i e l e c t r i c  c o n s tan t 
should re p re se n t  even a sm a lle r  d e v ia tio n  from th e  a c t i v i t y  o f w a te r.
A Beckman g e n e ra l purpose g la s s  e le c tro d e  (13 ). No. h990-80, 
was used th roughout a l l  m easurem ents. T his e le c tro d e  i s  s e n s i t iv e  
tow ard a lk a l  1 m eta l Ion  m ig ra tio n  In to  th e  g la s s  pH 's above 10. The 
g la s s  e le c tro d e  c o rre c t io n s  Include  t h i s  e f f e c t .
When c a l ib r a t in g  th e  g la s s  e le c tro d e , c o n s is te n t  s ta n d a rd i­
z a tio n  o f th e  g la s s  and calom el e le c tro d e s  w ith  an aqueous standard  
b u f fe r  i s  e s s e n t i a l .  Potassium  a c id  p h th a la te  s o lu tio n  (0.05 H) w ith
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a pH o f 4.01 (6) a t  25° C was always usad to  s ta n d a rd ize  th e  e le c tro d e s , 
re g a rd le s s  o f what pH range was being m easured.
The g la s s  e le c tro d e  was c a l ib ra te d  f o r  a pH range 2 - 1 2  fo r  
0 .0 2 5  , 0.050 , 0.075* « d  0.100 M io n ic  s tre n g th s  a t  20°, 30°, and 40°C, 
by compering pH m eter read ings w ith  those  o f th e  hydrogen e le c tro d e .
A 0.010 M p e rc h lo r ic  a c id  in  40$ ace tone  and th e  a p p ro p ria te  amount 
o f I n e r t  s a l t  (HaClO^) were p laced  In  a t i t r a t i o n  c e l l  and s a tu ra te d  
w ith  hydrogen. In s te ad  o f  p la t in iz in g  th e  hydrogen e le c tro d e , a few 
m illig ram s o f  f in e ly  d iv id ed  p latinum  b lack  was suspended in  so lu tio n  
(2 8 ). In tim ate  c o n ta c t must be made between th e  e le c tro d e  and th e  
suspension  f o r  ra p id  e q u ilib riu m . The motion provided by hydrogen 
stream ing through a f r i t  covering  th e  e n t i r e  base o f th e  c e l l  i s  
no t adequate; m agnetic s t i r r i n g  I s  much more e f f i c i e n t .  P latinum  
b lack  was prepared  from hydrogen re d u c tio n  o f  c h lo ro p la t in lc  a c id  
w ith  sodium a c e ta te  b u f fe r ,  fo llow ed by f i l t r a t i o n  and thorough 
washing In  d i s t i l l e d  w a te r. I t  was th en  d r ie d  In  a vacuum.
U ltra -p u re  hydrogen (Matheson Co.) was passed through  a p l a t i ­
num c a ta ly s t  (Deoxo) to  e lim in a te  oxygen. I t  was th en  s a tu ra te d  In 
40$ acetone  a t  th e  same tem pera tu re  a s  th e  s o lu t io n . A f a s t  flow  
r a t e  o f  hydrogen perm its  ra p id  e q u il ib ra t io n  and th e  flow  may be 
te rm in a ted  w hile  ta k in g  emf measurements so long as th e  s o lu tio n  i s  
w e ll s t i r r e d .  E q u il ib ra t io n  o f a so lu tio n  a lre a d y  s a tu ra te d  w ith  
hydrogen re q u ire s  l e s s  than  f iv e  m inu tes.
Emf s were reco rded  a t  I n te rv a ls  corresponding to  approxim ately  
0 .5  pH u n i t  w ith  a L & H s tu d e n t type  p o ten tio m e te r . The g la s s  e le c ­
tro d e  was c a l ib ra te d  w ith  th e  hydrogen e le c tro d e  using  a sa tu ra te d  
calom el e le c tro d e  a s  th e  re fe re n c e  e le c tro d e  f o r  bo th  h a l f - c e l l s .
Two lea d s  from th e  S .C .E . were designed  to  s im p lify  th e  experim en ta l 
proc e d u re . Sodium hydroxide In  40$ ace tone  t i t r a t e d  In to  th e  c e l l
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provided the  p roper Increm ents tn  pH. In  o rd e r to  m ein tain  a c o n s tan t 
Io n ic  s tre n g th  du ring  th e  t i t r a t i o n ,  th e  I n e r t  s a l t  was a lso  added to  
th e  t l t r a n t  a t  th e  same c o n ce n tra tio n  a s  In  the  s o lu t io n . A fte r 
n e u tr a l i s a t io n  o f th e  a c id , th e  Io n ic  s tre n g th  In c reased  s l ig h t ly  
upon f u r th e r  a d d it io n  of NaOH, b u t t h i s  e f f e c t  I s  n e g lig ib le  excep t 
a t  a pH above 12.
Values f o r  th e  S.C .E . stan d ard  p o te n t ia l s  a t  v a rio u s  tem pera­
tu r e s  a re  g iven  In  Table X U I. They Include  th e  ju n c tio n  p o te n t ia l  
a r i s in g  from th e  e lectrode  being p laced  In  an aqueous s o lu t io n .  In  
4056 ace tone  th e se  p o te n t ia l s  w il l  n o t be c o r re c t  due to  an unknown 
change In  th e  Ju n c tio n  p o te n t ia l .  However, th e  p o te n t ia l  o f the  
calom el e le c tro d e  can c e ls  ou t when co nverting  emf to  pH, and I t  tu rn s  
o u t t h a t  I f  one uses th e  v a lu es  l i s t e d  In Table X III to  co n v ert emf 
to  pH, th e  c o r re c t  r e s u l t  I s  o b ta in e d . T his can be understood  when 
i t  i s  r e a l iz e d  th a t  th e  S .C .E . I s  used as a re fe re n c e  e le c tro d e  fo r  
b o th  h a l f - c e l l s .
P o te n t ia ls  were measured on days when th e  atm ospheric  p re ssu re  
v a r ie d  on ly  a few m illim e te rs  from th e  s tandard  p re s s u re . Fluc­
tu a t io n s  In  p re ssu re  o f  th e  m agnitude o f 25 m ill im e te rs  can be 
shown to  cause no s ig n i f ic a n t  a l t e r a t io n  In  th e  c a lc u la te d  pH (e .g . , 
i t  w i l l  be shown In  th e  sample c a lc u la t io n  th a t  a d ivergence  o f 127 
m llllm e te rs  from th e  standard  p ressu re  i s  re sp o n s ib le  fo r  a f lu c ­
tu a t io n  of 2 .3  m i l l iv o l t s  which corresponds to  about 0 .0 4  pH u n i t ) .
The measured p o te n t ia l  could be e s tim a te d  to  w ith in  i  0*5 m i l l i ­
v o l t  r corresponding to  -  0.01 pH u n i t .
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Figure 7
A pparatus fo r  C a lib ra tin g  th e  G lass E lec trode
LEGESD
A . G lass E lec trode  (g en e ra l purpose 4990-80)
B . . . S a tu ra te d  Calomel E lec tro d e  -  Beckman
C . Thermometer ( -  10° to  50°C )
D . . . Hydrogen E lec tro d e  
E . . . G lass F r i t
F . M agnetic S t i r r in g  Bar
G . • Galvanometer ( s e n s i t iv i t y  = 0 .022 / t  amps/mm)
H . T i t r a t io n  C e ll
I  . . . 10 ml B u re tte  w ith  0 .10 ml d iv is io n s
J  . . . Beckman Model G pH m eter
K . . . L 4 H S tudent Type P o ten tio m eter
S.C . . . S tandard  Weston C e ll
S.C.
Figure 7 , Apparatus fo r  C a lib ra ting  the 





TOTAL VAPOR PRESSURE OF 40* ACETCBE SOLUTION (39)








TABLE I i n
STANDARD POTBTTIALS OP THE SATURATED CALCMEL ELECTRODE ( ia e lt t l in g  
Ju n c tio n  p a ta n t ia l )  IN ABSOLUTE VOLTS (?)














pH -  B
CONVERSION OF EMF TO pH 
pH m eter rea d in g
m easured p o te n t i a l  (H2 e le c tro d e  v s . S .C .E . r e fe re n c e )  
s ta n d a rd  and Ju n c tio n  p o te n t i a l  o f S .C .E . 
p re s su re  c o r re c t io n
p o te n t ia l  due to  th e  a c t i v i t y  of hydrogen io n s 
c o rre c t io n  th a t  must be added to  th e  pH m eter re a d in g  
E - - ^ l n a H+ -  Em -  (Ec+ E j)  -  E ^
E f0 “  2.303 RT lo g  2^0
2 *  Ph2
-  a tm ospheric  p re s su re  -  vapor p re s su re  o f  so lv e n t + p re s su re  
o f hydrogen due t o  h y d ro s ta t ic  head .ph2
The h y d r o s ta t ic  term  amounts t o  about th r e e  m il l im e te r s .
SAMPLE CALCULATION 
Io n ic  s t r e n g th  . . .  0 .025 M Tem perature . . .  20°C
-  366.3  m i l l iv o l t s  B -  2 .18
From ta b le  I I I I ,  Ec+ Ej "  247 .6  m i l l iv o l t s
From t a b l e  X II, by e x tr a p o la t io n ,  th e  t o t a l  vapor p re s su re  o f
th e  so lv e n t i s  ap p ro x im ate ly  130 m il l im e te r s .
p^2  “  760 + 3 -  130 “  633 m ill im e te rs
Eg -  (2 .3 0 3 )(2 9 3 .2 )(1 .9 8 7 )  lo g  160 -  2 .3  m i l l i v o l t .
2 (2 H 2 3 .0 6 0 ) 633
E -  366.3  -  (247 .6  -  2 .3 )  “  366.3  -  245.3 -  121 .0  m i l l iv o l t s
pH -  (23 i 0 6 0 )(0 .1 2 1 ) - 2 . 0 8
(2 9 3 o 2 )(1 .9 8 7 )(2 .3 0 3 )




Ion ic  s tre n g th  . . .  0.025 M Temperature . . .  20°C
B




































pH pH -  B
2.08 -  0 .10
2.42 -  0.11
2.91 -  0 .1 0
3.40 -  0.10
3.86 -  0 .0 9
4.40 -  0 .1 0
5.01 -  0 .0 9
5.41 -  0 .0 9
6.24 -  0.10
10.4? -  0 .1 0
10.86 -  0.08
11.15 -  0 .0 5
11 .49 0
11.87 0 .0 7
12.28 0 .1 7
12.72 0.31




Io n ic  s tre n g th  . . .  0 .050  M T sn p sra tu re  . . .  20° C
B K. Ec+KJ-« f2
2.23 369 .5 245.3
2 .55 387 .5 245.3
3-03 416 .0 245-3
3.53 445-3 245*3
4.03 473.5 245.3
4 .53 501.7 245.3
5 .38 551.3 245.3
6 .05 590.3 245.3
10.60 860 .0 245.3
10 .90 873-7 245.3
11.28 900.3 245-3
11 .62 924.3 245.3
l l o  92 947.0 245-3
12.25 976 .0 245.3
12.55 1005-5 245.3
E P« pfl -  B
124.2 2 .14 -  0 .0 9
142.2 2.45 -  0 .1 0
170 .7 2*93 -  0 .1 0
200 .0 3 .4 4 -  0 .09
228.2 3 .93 -  0 .1 0
256 .4 4 .42 -  0 .1 1
3 0 6 .0 5-27 -  0 .1 1
3 4 5 .0 5.95 -  0 .1 0
614.7 10 .58 -  0 .1 0
628 .4 10.82 -  0 .0 6
655-0 11.28 0 .0 0
679-0 11.68 0 .0 6
701 .7 12.07 0 .15
730.7 12 .58 0.33
760.2 1 3 .10 0.53
TABLE XVI
GLASS ELECTRODE CCERECTIOMS
Io n ic s tre n g th  . . . 0.075 M T sn p era tu re . . .  20C
B E PH pH -  B
2 .30 372 .7 245-3 127.4 2 .2 0 -  0 .10
2.99 412.5 245-3 167.2 2 .89 -  0 .10
3 .98 471-3 245.3 226 .0 3 .8 7 -  0 .11
4-97 527.2 245.3 281.9 5.87 -  0 .10
7.79 689.3 245.3 444.0 7 .67 -  0 .12
10.55 852.0 245.3 606.7 10.45 -  0 .10
10.71 861.5 245.3 616.2 10.61 -  0 .10
10.90 874.7 245.3 629-4 10.85 -  0 .05
11.17 892.3 245.3 647-0 11.15 -  0 .02
11.39 906.5 245.3 661.2 11 .40 0 .01
11.65 926.3 245.3 681.0 10.73 0 .08
11.90 949.0 245.3 703.7 12.10 0 .20
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TABLE XVII
GLASS ELECTRODE CORRECT I  OHS
o
I s n lc  s tre n g th  . . .  0 .100 M T en p era tu rs  . . .  20 C
B Ec+Ej -E J
2.28 372.3 245.3
2 .50 3 8 5 .0 245.3
2.98 412.3 245.3













E PH -  B
127.0 2 .19 -  0.09
139.7 2 .41 -  0.09
167 .0 2.87 -  0 .11
195.7 3 .37 -  0 .12
2 2 6 .0 3 .89 -  0 .11
254.7 4 .39 -  0 .10
283.2 4 .88 -  0 .11
309.2 4.33 -  0 .12
601.4 10.34 -  0 .11
622.2 10.70 -  0.05
633.7 10.90 0000
654.7 11.25 0.02






i C alib ra l 
in  40 per cen t (by w eight) Acetone.
G I a s s  E lec tro d e i ra tio n  Curves a t  20°C
LEGEHD
Curve 1 -  0.025 M Ion ic  S tren g th
Curve 2 -  0.050 M Io n ic  S tren g th
Curve 3 -  0.075 M Ion ic  S tren g th
Curve 4 -  0.100 M Ion ic  S tren g th
B . . . .  pH Meter Reading














- 0 9 0
2.0 4.0 6.0 8 0  100 10 2 iC 4 106 10 8 i 10 M2 114 i i 6  i i 8 12.0 12.2 124 126














pH * B 
0 .08
2 .52 395.5 238,0 157.5 2.62 0 .10
3 .09 428.5 238.0 190.5 3 .17 0.08
3-52 455.5 238.0 217.5 3.61 0.09
4 .00 484.0 238.0 246 .0 4.09 0 .09
4 .59 518.5 238.0 280.5 4 .67 0.08
5.02 545.0 238.0 307 .0 5.10 0.08
5.51 574.0 238.0 336 .0 5-59 0.08
6.71 645.7 238 .0 407.7 6.79 0.08
1.1k 706.8 238 .0 468.8 7.82 0.08
S .80 771.7 238 .0 533-7 8.88 0.08
10.11 851.6 238 .0 613-6 10.20 0.09
10.50 875.5 238.0 637.5 10.60 0 .10
10. 82 896.5 238 .0 658.5 10.95 0.13
11.16 913.3 238 .0 675*3 11.24 0.18
11.62 953.5 238 .0 715.5 11.92 0.30
11.80 968.4 238.0 730.4 12.15 0.35
11.93 981.3 238 .0 743.3 12.36 0.43
12.05 993-0 238 .0 755-0 12.56 0.51




Io n ic  s tre n g th  . . .  0 .050 M Tem perature . . .  30° C
B Em V * i - * S 2 E pH -  B
1.93 359.3 238.0 121.3 2 .01 0 .08
2 .51 394 .1 238.0 156.1 2.59 0 .06
3 .0 0 423.7 238 .0 185.7 3 .08 0.08
3.55 456.9 238.0 218.9 3 .6 4 0.09
3 .99 482.9 238 .0 244.9 4 .07 0.08
4 .5 0 514.0 238 .0 276 .0 4 .58 0.08
5.08 548.5 238.0 310.5 5.16 0.08
5-60 580.0 238 .0 342 .0 5.68 0 .08
6 .10 609.5 238 .0 371.5 6 .18 0.08
6 .54 633.8 238 .0 395.8 6 .58 0 .04
7 .10 666.3 238.0 428.3 7.13 0.03
7 .50 692.0 238.0 454.0 7.53 0.03
8 .07 728.5 238 .0 490.5 8 .15 0.08
8 .50 755.5 238.0 517.5 8 .58 0.08
8 .79 772.0 238 .0 534.0 8.87 0 .08
9 .39 806.3 238 .0 570.3 9 .47 0.08
10.23 859.7 238 .0 621.7 10.31 0 .08
10 .70 891.9 238 .0 653.9 10.85 0.15
l lo  00 914.0 238 .0 676.0 11.23 0.23
11 .30 936.0 238 .0 698.3 11 .60 0 .30
11.58 960.3 238 .0 722.3 12 .00 0 .42












2 .50 393 .0 238.0
3 .0 0 423 .0 238 .0
3 .50 454.0 238.0
3 .9 9 483.0 238.0
A. 47 512.5 238.0
5.02 546.0 238.0
5.62 582.5 238.0
6 .01 605.5 238.0




9 .42 810.5 238.0
9.99 845.5 238.0
10.46 878 ,0 238.0





E pH pH -  B
122.2 2.03 0.06
155.0 2.58 0.06
185.0 3 .0 8 0.06
216.0 3 .59 0.09
245.0 4 .07 0.06
274.5 4-56 0.09
308 .0 5.12 0 .10
344.5 5.72 0 .10
367.5 6 .10 0.09
402.5 6.69 0 .09
440.5 7.33 0.08
485 .0 8.07 0.08
543.0 9-03 0.08
572.5 9 .50 0.08
607.5 10.09 0 .10
840.0 10.63 0.15







Io n ic s tre n g th  o o * O.IOOM Teuper&ture ... 30*
B E pH PH -
1.95 360 .0 238.0 122.0 2.Q3 0.08
2.50 393 .0 238.0 155.0 2.58 0 .08
3 .0 0 423.0 238.0 185.0 3 .08 0.08
3 .5 0 452.5 238.0 215.5 3 .58 0.08
3 .9 9 483.0 238.0 245.0 4.07 0.08
4.45 510.5 238.0 272.5 4.53 0.08
5.05 547.5 238.0 309.5 5.44 0 .09
5.47 571.5 238.0 333.5 5.54 0.07
6.19 615.0 238.0 377 .0 6.27 0 .08
7.05 667.0 238.0 429.0 7.13 0.08
7.72 706.5 238 .0 468.5 7 .80 0.08
Bo 29 741.0 238.0 503.0 8.37 0.08
8o71 766.0 238.0 528.0 8.79 0.08
10oQ2 847.0 238.0 609.0 10.11 0.09
10.51 881.5 238 ,0 643.5 10.67 0 .16
10.98 915.5 238.0 677.5 11.25 0.27
11.31 943.5 238.0 705.5 11.72 0.41
11.59 969.0 238.0 731.0 12.15 0.56














2.0 4.0 6.0 8 0 100 10-2 10.4 106 10.8 11.0 112 l 1 4 l! 6 11.8 12.0 12 2
B








1.63 349.3 230.0 119.3 1.92
1.97 369.8 230.0 139.8 2.25
2 .50 403.7 230.0 173.7 2 .79
3 .0 0 435.0 230.0 205.0 3 .3 0
3-50 466.5 230.0 236.5 3 .8 0
4 .0 0 497.7 230.0 267.7 4 .30
4.83 549.0 230.0 319.0 5.13
7.03 686.0 230.0 456.0 7.33
8.33 766.7 230.0 536.7 8.63
9 .00 810*2 230 .0 580.2 9.33
9 .59 849.5 230.0 619.5 9 .95
10.00 876.7 230.0 646.7 10.40
10.29 898.7 230.0 668.7 10.75
10 .60 923.0 230.0 693.0 11.14
10.90 951.8 230.0 721.8 11.60
11.20 985.8 230 .0 755.8 12.15
11.41 1015.5 230.0 785.5 12.63
pH -  B 
0.29 
0 .28 
0 .29  
0 .30  
0.30 
0.30  
0 .30  
0 .30  
0 .30  
0.33 
0 .36 
0 .40  
0.46 
0.54 






Io n ic  s tre n g th  . . .  0.050H Tem perature
B E
1.62 350.5 230 .0 120.5 1 .94
2 .02 375.0 230.0 245.0 2.33
2 .49 404.4 230.0 174.4 2 .81
2 .99 436.0 230.0 206.0 3 .3 1
3 .4 6 465.2 230 .0 235.2 3 .7 7
4 .05 503.2 230.0 237.2 4 .38
4.55 534.0 230.0 204.0 4 .88
5.78 609.6 230.0 379.1 6 .09
7 .20 696.0 230 .0 468.0 7 .52
8 .4 0 773.0 230 .0 543.0 8 .72
9.35 835.7 230 .0 605.7 9 .75
9o80 867.5 230.0 637.5 10.23
10.12 891.4 230 .0 661.4 10.53
10.40 914.5 230 .0 684.5 11 .00
10.73 943.1 230.0 713.3 11.45
11,00 971.5 230.0 741.5 11.91
11.20 995.5 230.0 765.5 12.30
11 .30 1009.5 230 .0 779.5 12.53








0 .31  
0.32 
0.32 
0 .40  
0 .43 
0 .51 
0 .60  
0 .72  






Io n ic  s tre n g th  . . .  0.075 H Tem perature . . .  40° C



































2 .29 0 .30
2 .84 0 .31















Io n ic s tre n g th  . . . 0 .100 M Tem perature ... 40*
B "k Ec+Ej - ^ 2
E PH pH -  B
1.65 352 .0 230 .0 122.0 1 .96 0.31
2.02 375 .0 230 .0 145.0 2.33 0.31
2 .5 0 405.5 230 .0 175.5 2 .82 0.32
3 .0 0 436.8 230 .0 20b. 8 3 .32 0 .32
3 .49 465.5 230.0 235.5 3 .8 0 0.31
4.05 502.0 230.0 272 .0 4.37 0.32
5.47 489.3 230.0 359-3 5.78 0.31
6 .52 660.0 230.0 420 .0 6 .82 0 .30
7 .98 746.8 230.0 516.8 8 .30 0 .32
8.55 783.0 230.0 553.0 8 .90 0 .35
9 .28 833.5 230.0 603.5 9 .70 0 .42
9.83 875 .0 230.0 645 .0 10.37 0 .54
10.10 895.7 230 .0 665-7 10.70 0 .60
10.40 924.5 230.0 694-5 11.13 0.73
11.01 997.2 230.0 767.2 12.33 1 .32
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B
Figure 10. Glass E lectrode C a lib ra tio n  Curves a t  40°C In Acetone. Same Legend as Figure 8 .
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Determlnstign o f D isso c ia te d  f o n c t R ^ i g n ,  SSH O i S i
Form ation. S t a b i l i ty  C onstan ts, and Thermodynamic Data
Tha method o u tlin a d  fo r  th a  d a ta ra in a t io n  o f R on paga 35 
ra q u ira s  t i t r a t i o n s  o f tha  lig a n d  w ith  and w ithout the  n a ta l .  During 
a t i t r a t i o n ,  th a  pH was follow ed w ith  th a  c a l ib ra te d  Beckman g en era l 
purpose g la s s  e le c tro d e  coupled w ith  a Beckman s a tu ra te d  calomel 
re fe re n c e  e le c tro d e . The ap p ara tu s used was s im ila r  to  t h a t  employed 
in  th e  c a l ib r a t io n  o f the  g la s s  e le c tro d e  except th e  hydrogen e le c tro d e  
was e lim in a ted  and n itro g e n  was s u b s t i tu te d  fo r  an atmosphere o f hy­
drogen. C onstant tem pera tu re  to  w ith in  ± 0.3°C was m aintained by 
c i r c u la t in g  tem pera tu re  re g u la te d  w ater through th e  w ater ja c k e t  o f 
th e  t i t r a t i o n  c e l l .
T ables HVT and XXVII show d a ta  compiled in  p reparing  th e  
t i t r a t i o n  curves fo r  Z n (H ) a t  40°C and an io n ic  s tre n g th  o f 0.025 K.
I t  should be no ted  th a t  fo r  s o lu tio n  I .  Table XXVI. 0 .02  m illie q u iv a ­
l e n t  o f HCIO^ was needed to  compensate f o r  th e  excess a c id  in  the  
m etal s tandard  s o lu t io n s .
Although fi i s  independent o f  volume, C^ i s  n o t . The l a t t e r  
i s  r e la te d  to  th e  c o n c e n tra tio n  o f  the  unbound lig a n d  (S) by equation  
(24d) which depends on volume. A g e n e ra l form ula used to  c a lc u la te  
S i s :
S = 0.400 -  A V (m l) X 10"2 = T o ta l reag en t -  bound reag en t (m o le s / l i te r )
0.400 = t o t a l  reag en t in  m i l l i  e q u iv a le n ts
A  V = th e  d if fe re n c e  in  ml t i t r a n t  between curve H  and curve I  a t
a g iven  pH. When AT i s  m u lt ip lie d  by th e  m o la rity  e f  th e  t i t r a n t  
—2(10 ) ,  i t  g iv es th e  number o f  m ill ie q u iv a le n ta  o f bound re a g e n t.
62
= t o t a l  volumo in  ml o f so lu tio n  I I  a t  a glvon pH = 20.00 + s i  o f 
t i t r a n t .
_ _2 
n = c o n co n tra tio n  o f bound lig a n d  “ fjV I  10
t o t a l  c o n co n tra tlo n  o f  m otal (5*00)(5*00 1 1 0 "  )
25*00 X 10"3 n d llio q u iv a lo n t o f m otal In  tho donom lnator a r ls o  from 
5.00 ml o f 5*00 X 10"3 M m otal s o lu t io n s .
Othor torm s th a t  m ight bo dofinod In  Tablo XXVUI a ro :
B = uncorroctod  pH rooordod on pH motor 
pCA = -  log  CA
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TABLE m i  
I
TITRATION OP PPK 
Io n ic  s tre n g th  . . .  0.025 M Tomporatur* . . .  40°C
SOLUTION I  
0.0792 g PPI (0.400 moq)
10.1 ml aca tona  
2 .00 ml 0.0100 M HCIO^
0.50 ml HaClO^ (1 .00  M)
7 .5  »1 ^ 0
40ft aca tona  added to  maks 
f i n a l  volumo 20.00 ml
o f NaOH B ml o f NaOH B
0 3.92 2.00 7.87
0.30 4.00 2.10 8 .74
0.60 4 .10 2.20 9.23
0.90 4 .23 2.30 9 .49
1.20 4 .40 2.50 9.78
1.50 4 .68 3.00 10.12
1.80 5.35 4.00 10.42
1.90 6.61 5.00 10.60
6.00 10.71
Those d a ta  a n  re p re se n te d  g ra p h ic a lly  In  Flguro 18, curvo I .  Tha 
NaOH c o n c e n tra tio n  i s  0.01 M.
64
TABUS n v n
n
TITRATION OF PPK WITH ZINC(II)
Ion lo  s tre n g th  . . .  0 .025 M Tem perature . . .  40°C
SOLUTION I I
0.0792 g o f  PPK (0.400 meq) 5 .00 ml o f  0.00500 H Zn'*’
4 .50  ml o f ^ 0  in  0.00400 H HCIO^
10.1 ml o f  ace to n e  4o£ ace tone  added to  make
0 .50  ml o f  1 .00 M HaClO^ f i n a l  volume 20.00 ml
of NaOH B ml o f  NaOH B
0 3.80 4 .20 5.72
0.50 3.91 4.40 5.81
1.00 4 .09 4.60 5.93
1.50 4 .30 4 .80 6.04
1.70 4 .42 5.00 6.20
1.90 4.51 5.20 6.35
2.00 4 .59 5.40 6.55
2.20 4 .70 5.60 6.83
2.40 4.81 5.80 7.18
2.60 4 .93 6.00 7.65
2.80 5 .04 6.20 8 .2 3
3.00 5 .14 6.40 8.90
3.20 5 .24 6.60 9.35
3.40 5 .34 6.80 9.62
3.60 5 .44 7.00 9.79
3.80 5 .5* 7 .50 10.05
4 .00 5.63
These d a ta  a re  re p re se n te d  g ra p h ic a l ly  in  F igure  18, curve I I .  The 
NaOH c o n c e n tra tio n  i s  0.01 M.
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TABLE H V H I 
DETERMHATIOU OF pC^ AMD n 
ZINC ( U )  PPK
Io n ic  s tre n g th  . . .  0 .025 M T s* p sr* tu rs  . . .  40° C
&V VT s B pH (H+) I  107 CA P°A n
0 .8 22.36 0 .0 1 7 5 4 .78 5.08 8 3 .2 3 .5 8  I  10"9 8.45 0 .32
1 .0 22.63 0 .0 1 7 2 4 .9 5 5.25 56.3 5 .22 8 .29 0 .40
1 .2 22.90 0 .0 1 6 9 5.10 5.40 39.8 7.27 8.14 0 .48
1 .4 23.16 0 .0 1 6 7 5.22 5.52 30.2 9.48 8.03 0 .56
1 .6 23.40 0.0164 5 .34 5.64 22.9
-8
1 .2 3  I  10 7.91 0 .64
1.8 23.62 0.0162 5.45 5.75 17.8 1.56 7.81 0 .72
2.0 23.84 0.0159 5 .56 5 .86 13.8 1.96 7.71 0 .80
2 .2 24.06 0.0157 5.67 5.97 10.7 2.52 7 .6 0 0 .88
2 .4 24.27 0.0155 5.77 6.07 8 .5 2 3.13 7.51 0.96
2 .6 24.48 0.0153 5.87 6.17 6.77 3.89 7.41 1.04
2 .8 24.69 0.0151 5 .97 6.27 5.37 4.85 7.32 1.12
3.0 24.90 0.0149 6.11 6.41 3.90 6 .5 8 7.18 1.20
3 .2 25.10 0.0147 6.25 6.55 2 .82 8.97 7.05 1.28
3.4 25.32 0.0145 6.45 6.75 1.78 1.40 I  10~7 6.86 1 .36
3 .6 25.54 0.0142 6 .6 9 6.99 1.02 2.40 6.62 1.44
3.6 25.76 0.0140 7.11 7.41 0.390 6.18 6.21 1.52
4 .0 25.96 0.0139 7 .63 7.93 0.117 2.04 I  10"6 5.69 1.60










JL  = 0 .0 2 5  M
I L.I I .i 1 I 1
3 0
l _ i4 0
O 4 I O 4 0 5 O 6 0
ml. NaOH
Figure 11. T i t r a t io n  o f PPK ( I )  w ithou t and ( I I )  w ith  N i( I I )  a t










4 00 4 2 0 3 0 4 0 5 0 6 0I O
m ). NaOH
Figura  12. T i t r a t io n  o f  PPK ( I )  w ith o u t and ( I I )  w ith  N i( I I )  a t










A- =0 0 7 5 M
4 0
605 03 0 4 00 4 ) 0 2 0
ml NaOH
Figure 13. T i t r a t io n  o f  PPK ( I )  w ithou t and ( I I )  w ith  N l( I I )  a t







M  = 0  I OOM
4 0
6.03 0 4 0 5 0I 0 2 0O 4
ml Na OH
Figure 14. T i t r a t io n  o f PPK ( I )  w ithou t and ( I I )  w ith  N i( I I )  a t
20°, 30°, and 40°C and Ion ic  S tre n g th  0.100 M.
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TABLE X III 
F0HHATI0M CURVE DATA 
NICKEL(II) PPK
Io n ic  s tre n g th  .
0.025 M 
*■ 0 .050 M
o o 
Tem perature . . .  30 and 40
pCA •  O.Q25 M pCA e  0 .0 5 0  M
o o o 0n 30 40 30 40
0 .4 0 9 .51 - 9.18 -
0.48 9 .27 - 8.99 9.08
0.56 9 .09 9.19 8.85 8.87
0.64 8 .94 8.98 8.71 8 .70
0.72 8 .77 8.79 8.57 8 .51
0 .80 8 .6 0 8.57 8.42 8 .30
0.88 8 .38 8.31 8.23 8.05
0.96 8.09 8.01 7.95 7.81
1.04 7 .80 7.77 7.68 7.59
lo l2 7 .57 7.51 7.43 7.38
1 .2 0 7-35 7.35 7.23 7 .17
1 .28 7.19 7.11 7 .04 6.93
1 .36 6.99 6.90 6.85 6.74
lo44 6.78 6.64 6 .64 6.53
1 .52 6.55 6.39 6 .41 6.26
1 .6 0 6.21 6.02 6.08 5.84
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TABLE m i  (con tinued) 
FOHHATIOH CURVE DATA 
HICKKL(II) PPK
Io n ic  s tre n g th  . . . 0.075 M 
0.100 H
Tem perature . . .  30° and 40°
pCA ® 0.075 H pCA 0 0 .100 M
o o o 0n 30 40 30 40
0.32 9.25 - 9.03 -
0 .4 0 9.03 - 8 .86
0.46 8.67 8 .96 8 .74 8.71
0.56 8.73 8.72 8 .61 8.54
0.64 6.58 8.53 8 .50 8.35
0.72 8.43 8.36 8 .36 6 .20
0.60 6 .28 8.16 8 .20 8.02
0.66 6.09 7.94 7 .98 7.82
0.96 7 .84 7.68 7 .72 7.59
1.04 7 .58 7.45 7 .46 7.37
1.12 7.33 7.24 7.24 7.13
1.20 7.12 7.04 7.04 1 .20
1 .26 6.93 6.82 6.85 6.72
1.36 6.75 6.61 6.65 6.53
1 .44 6.56 6.39 6 .4 6 6.31
1.52 6 .30 6.12 6.23 6.06
1 .60 5.98 5.76 5.90 5.68
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Figure 15
Formation Curve,, fi versus pC^ a t  30°C fo r  H i ( I I ) .
LEQSIID
Curve 1 -  0 .025 H Io n ic  S tren g th
Curve 2 -  0.050 M Io n ic  S tre n g th
Curve 3 -  0 .075 M Io n io  S tren g th

















Figure 16* Formation Curves, n versus pC^ a t  i+0°C fo r  N i( I I ) .  Same Legend as Figure 15*
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TABLE XXI 
NICKEL(IT) PPK STABILITY ODNSTAJfTS
M idpoint Slope Method
0
Tem perature . . . 3 0  C






9 .0  X 10
8
6 .5  X 10
6
4 .9  X 10
-
6
7 .0  X 10
6
5 .0  X 10
6
4 .1  X 10
6




2 .1  X 10 8 .8  X 107 6 .7  X 107 5 .2  X 107 4 .0  X 107
Tem perature . . .  40° C
A 00d l l . 0 .025 M 0.050 M 0.075 M 0 .100  M
K 8 .7  I  108
8
5 .1  X 10
6
4 .0  X 10
6




6 .6  X 10
6
4 .6  X 10 63 .5  X 10
6
2 .8  X 10
4b
Ka r e . 1 .8  X 108
7
7 .6  X 10 74 .6  X 10 3 .7  X 107





















04  10 20 30 4 0 5 0 6 0
ml. NaOH
Figure 18. T i t r a t io n  o f  PPK ( I )  w ithou t and ( I I )  w ith  Z n ( ll )  a t







=0 0 5 0 M
5 0 GO4 O3 02 OI OO 4
ml NaOH
Figure 19. T i t r a t io n  o f  PPK ( I )  w ithou t and ( I I )  w ith  Z n (II)  a t









O 4 I O 4 O? O 30 5 0 6 O
ml NaO H
F igure  20 . T i t r a t io n  o f  PPK ( I )  w ithou t and ( I I )  w ith  Z n (II)  a t








= 0  IO O M
6  Of> O4 O? O! O
ml.  NaOH
F ig u re  21 . T i t r a t i o n  o f  PPK ( I )  w ith o u t and ( I I )  w ith  Z n ( l l )  a t
20°, 30°, and 40°C and Io n ic  S tre n g th  0 .100  M.
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TABLE i m  
FORMATION CDHVE DATA 
ZINC(II) PPK
Io n ic  s tre n g th  . . 0 .025 M 
0 .050  M
Tem perature ... 20 | 0 03 0 , and 40 C








0 .32 8.66 8 .60 8.45 8 .50 8 .47 6.23
0 .40 8.51 8 .44 8.29 8.35 8 .36 8.10
0.48 8.37 8 .31 8 .14 6.22 8 .2 0 7.94
0.56 8 .2 6 8.19 8.03 8 .10 8.12 7.87
0 .6 4 8.16 8.07 7.91 7.96 7.98 7.76
0 .72 8.04 7.97 7.81 7 .90 7.88 7.65
0 .80 7.93 7.87 7.71 7.79 7.78 7.56
0 .88 7.80 7 .77 7 .60 7 .67 7.68 7.46
0 .96 7.66 7.67 7.51 7.55 7.58 7.35
1 .04 7.54 7.55 7.41 7.43 7.46 7 .27
1 .12 7.41 7 .44 7-32 7 .29 7.35 7.15
1 .2 0 7.26 7 .3 0 7-18 7-16 7 .20 7.01
1 .28 7.09 7 .14 7.05 7.01 7.03 6 .87
1 .36 6.88 6.95 6.86 6 .82 6.82 6.67
1 .44 6.62 6 .71 6.62 6 .54 6.57 6.45
1 .52 6.25 6 .42 6 .21 6 .18 6 .2 6 6 .14
1 .6 0 5.76 5.88 5.69 5.75 5.80 5.64
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TABLE) xm (con tinued) 
FCBXATION CURVE DATA 
ZDIC(Il) PPK
Io n ic  s tre n g th  . . 0.075 M * 0 .100 M Tomper&turo . . .  20?
0  0 
30 , and 40 c
0 0.075 M pC 0  0 .100 HA
ft 0 0 0 0 0
n 20 30 40 20 30 40
0 .32 8.47 8.32 8 .06 8.38 8 .34 8.01
0 .40 8.32 8.18 7.95 8.24 8 .18 7.88
0 .48 8.17 8.06 7.85 8.13 8 .02 7.76
0 .56 8.05 7.93 7 .74 8.02 7 .91 7.66
0 .64 7.93 7.83 7 .64 7.91 7 .81 7 .57
0 .72 7.83 7 .72 7.55 7.80 7 .7 0 7 .47
0 .8 0 7.74 7.64 7 .47 7.67 7 .61 7.38
0 .88 7.61 7.55 7 .37 7.55 7 .52 7.28
0 .96 7.52 7.45 7 .28 7.45 7 .42 7.18
1 .04 7 .40 7.34 7 .16 7-34 7 .30 7.09
1 .12 7.27 7.21 7 .04 7.21 7 .16 6 .96
1 .2 0 7.12 7.06 6.90 7.02 7-02 6 .87
1 .28 6.95 6.88 6.76 6.88 6 .86 6.69
1 .36 6.68 6.66 6.56 6.66 6 .6 5 6 .50
1 .4 4 6 .4 6 6.36 6.32 6.39 6 .42 6.23
1 .52 6.13 6.01 5.97 6.03 6 .01 5.84
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TABI£ I f f l l
ZINC(II) PPK STABILITY CONSTANTS
M idpoint Slope Method
oTem perature . .  „ 20 C
COdil. 0.025 M 0.050 M 0.075 M 0.100 M
- 2.3  X 106 1 .6  X 108 1 .4  X 108 1 .3  X 108
k2 - 7 .2  X 106 5-9 X io 6
6
5 .5  X 10 4 .6  X 106
Ka re . 11.5 X 107 4 .1  X 107 3 .1  X io 7 2 .8  X 107 2 .3  X 107
oTem perature . . .  30 C
M 00 d i l . 0.025 M 0.050 M 0.075 M 0.100 M
S . - 1 .9  X 108
8
1 .5  X 10 1 .2  X IO8
8
1.1  X 10
K2
- 8.5  X 106 7 .9  X IO6 5.5 X IO6 4 .6  X IO6
Ka re . 10 .9  I  107 4 .1  X IO7 3 .4  X 107 2 .5  X IO7 2.3  X IO7
o
Tem perature . . .  40 C
00 d l l . 0.025 M 0.050  M 0.075 M 0.100 M
Ki - 1 .2  I  IO8 8 .4  X IO7 7.3  X IO7 5 .0  X IO7
K2 - 7.5  X IO6 5 .2  X IO7 3 .6  I  IO6 3 .6  X IO6
Kave. 10 .0  X IO7 2 .9  X IO7 2 .1  X IO7 1 .6  X IO7 1.3  X IO7
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TABLE mill 
ZINC ( I I )  PPK STABILITY CONSTANTS
St ic  c o b  s i r e  S u b s t i tu t io n  Method
Tem perature . . .  20° C
A  QD d l l . 0.025 M 0.050  M 0.075 M 0.100 M
h
8
2 .1  I  10
8
1 .5  I  10
8
1.3  X 10
8
1 .2  X 10
*2
6
2 .5  I  10 1 .9  X 106
6
1 .8  X 10
6
1 .5  X 10
K a v e . 2 .3  I  107 1 .7  X 107 1 .5  I  107 1 .4  X 107
Tem perature . . .  30C C
A CO d l l . 0.025 M 0.050 M 0.075 M 0.100 M
1 .8  X 1O8
8
1 .4  X 10
8
1 .0  X 10
7
9 .6  X 10
*2 -
6
3-4  X 10
6
2 .3  X 10
6
1 .4  X 10
6
1 .4  X 10
K — 72 .5  X 10 1 .8  X IO7 1 .2  X IO7 1 .2  X IO7a r e .
oTem perature . . .  UP C
/ L  ODdll. 0 .025 M 0.050  M 0.075 M 0,100 M
K1
8
1 .2  X 10 79 .0  X 10 6 .1  X IO7 75.1  X 10
Ko
6
2.3  X 10
6
1 .8  X 10
6
1 .2  X 10
6
1 .0  X 10
K
a r e .
7
1 .7  X 10 1 .3  X IO7
6
8 .7  X 10
6
























0 4 50 6 02 0 3 0 4 01 .0
ml.  NaO H
Figure  26. T i t r a t io n  o f PPK ( I )  w ithou t and ( I I )  w ith  C d (ll)  a t











4 0 10 6.00 4 3.0 4 0 5 O2 0
m l.  NaO H
Figur* 27. T i t r a t io n  o f PPK ( I )  w ithou t and ( I I )  w ith  C d (II)  a t









A  ~ 0 . 0 7 5  M
4 0
30 6.00 4 1 0 2 0 4 0 5.0
ml. NoOH
Figure 28. T i t r a t io n  o f PPK ( I )  w ithou t and ( I I )  w ith  C d (II) a t










4 00  4 I 0 ? 0 3 0 5 0 6 0
m l.  NoOH
Figure 29. T i t r a t io n  o f  PPK ( I )  w ithou t and ( H )  w ith  C d (II) a t
20°, 30°, and 40°C and Io n ic  S tren g th  0.100 M.
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TABLE XXUV 
FCSHATIOH CURVE DATA. 
CAOfHK(Il) PPK
Io n ic  s tre n g th  . . . O.Q25 M ' 0 .050  M Tem perature . . . 2 0 ?
0 030 , and 40 c
•**
« 0.025 M pCA « 0 .050  M
o o o 0 0 0n 20 30 40 20 30 40
0 .32 7*50 7.37 7.13 7.54 7 .32 7.12
0 .4 0 7.39 7.23 7.02 7.42 7 .18 7.06
0 .48 7 .29 7 .12 6 .91 7.32 7 .09 6 .94
0 .56 7-18 7.03 6.83 7.23 7-01 6.83
0 .6 4 7.11 6.95 6.76 7-16 6.93 6 .7 6
0 .72 7.03 6 .9 0 6.69 7.08 6 .86 6 .69
0 .8 0 6 .97 6 .88 6 .6 4 7.02 6 .8 0 6 .6 4
0 .88 6 .91 6 .77 6.58 6.97 6.74 6 .57
0 .96 6 .86 6 .71 6 .52 6.89 6 .67 6 .5 1
1 .04 6.81 6 .65 6.45 6.83 6 .61 6 .4 6
1 .12 6.74 6.59 6.39 6.76 6 .55 6.39
1 .2 0 6.68 6 .52 6.33 6.69 6.47 6.33
1 .28 6.61 6 .45 6.26 6.61 6 .40 6 .28
1 .36 6.52 6 .37 6.19 6.52 6 .32 6 .17
1 .44 6.43 6 .29 6 .10 6.43 6.23 6.07
1 .52 6 .31 6 .18 5.98 6.31 6.12 5.97
1 .6 0 6 .19 6 .04 5.84 6.17 5.97 5-83
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TABLE XXXIV (con tinued) 
FORMATION CURVE DATA 
CAJMHM(II) PPK
Io n ic  s t r e n g th . . .
0.075 M 
0 .100 M Tem perature . . .  20? 30® and 40° C
PC 0 0.075 M PC 0 0.100 MA A
o o o 0 0 0n 20 30 40 20 30 40
0.32 7.52 7.28 7.12 7.52 7.29 7.16
0 .40 7 . a 7.14 6.99 7.39 7.17 7.05
0 .48 7.32 7.04 6.86 7.28 7.08 6.93
0 .56 7.22 6.97 6.78 7.20 6.99 6.83
0 .64 7.15 6 .89 6.72 7.13 6.91 6.73
0 .72 7.08 6.83 6.65 7.05 6.84 6.65
0 .80 7.02 6.75 6.59 6.99 6.77 6.57
0 .88 6.96 6 .19 6.53 6.93 6.71 6 .51
0 .96 6 .89 6.62 6.48 6.87 6.64 6.45
1 .0 4 6 .82 6.55 6 .4 2 6.80 6.58 6 .40
1 .12 6 .74 6 .5 0 6.33 6.72 6 .50 6.35
1 .2 0 6 .67 6.42 6 .2 6 6.65 6 .44 6.28
1 .2 8 6.59 6.35 6.17 6.57 6.36 6 .21
1 .36 6 .50 6 .27 6.09 6 .4 8 6 .2 8 6.11
1 .44 6 .40 6.17 5.98 6.37 6.16 6 .00
1 .52 6.25 6 .04 5.86 6.22 6.04 5.87
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Figure 31* Formation Curves, n versus pC^ a t  30°C fo r  C d ( ll) .
7 0













Figure 32. Formation Curves, n versus pC, a t  40 C fo r  C d (II). Same Legend as Figure 15.
98
cms xuv 
G A m iW (H ) PPK 3TABIUTT OCHSTAFTS
Midpoint Slope Method
A c* d i i . 0.025 M 0.050 M 0.075 M 0 .100  M
\











5 .4  I  10 
6
4 .0  X 10 
6
3 .6  X 10
6
3 .9  I  10 
6
K. t» . 7 .1  I  10 6 .8  X 10 7*3 X 10 7-1  X 10 6 .8  X 10
T a n w & T o  . . .  30° C
A 00 d l l  . 0 .025 M 0 .050 M 0.075 M 0.100 M
« ! _
6
7 .1  X 10
6
7.3  X 10
6
6 .6  X 10 67 .2  X 10
E 63 .1  I  10
6
2 .6  X 10 62 .2  X 10
6
2 .2  X 10
2
Kfe n . 5*4 I  106
6
4 .7  X 10
6
4 .4  X 10
6
3 .9  X 10
6
4 .0  X 10
Tegpeimtn re  . . .  40* C






0 .100  M 
6
*i
4.6 I  10 
6
4 .3  X 10
6
3 .2  X 10 
6
2 .8  X 10 
6
*2 — 2 .0  X 10 2 .1  X 10 2 .4  X 10 2 .5  X 10
6 6 6 6 6K
&VO . 3-5  X 10 3 .1  X 10 3 .1  I  10 2 .8  X 10 2 .7  X 10
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TABLE IIXVI 
CADMXW(II) PPK STABILITY CONSTANTS
Successive S u b s t i tu t io n  Method
oTem perature . . .  20 C
A 00 d i l . 0.025 M 0.050 M 0.075 M 0.100 M
h — 6n x  10 613 X 10 613 X 10 613 X 10
*9 —
6
3 -6  X 10 3 .2  X 106
6
2 .8  X 10
6
2 .6  X 10
^ave. - 6 .3 X 106
6
6 .5  X 10
6
6 .2  X 10 5-7 X 106
. . .  30° C
A 00 d i l . 0.025 M 0.050 M 0.075 M 0.100 M
Ki _ 6 .3  X 106
6
7.3  X 10
6
6 .8  X 10 7-5 1 106
K — 64 .0  X 10
6
2 .2  X 10 61 .8  X 10
6
1 .7  X 102
Ka r a . *
6
5 .1  X 10
6
4 .1  X 10
6
3 .5  X 10
6
3 .6  I  10
Tem perature . . .  40° C





4 .a  x  10
6
4-5  X 10
6
5*3 I  10
_ 61 .7  X 10
6
1 .7  x 10
6
1 .2  X 10
6
1 .2  X 10dC
Kav*. -
6
2 .9  X 10
6
2 .9  I  10
6
2 .3  X 10
6





















P b  + +
J i  -  0 . 0 2 5  M
o
2 00.4 1.0 4 0 6 03 0
m) NoOH
Figure 3*K T i t r a t io n  o f PPK ( I )  w ithou t and ( I I )  w ith  F b (II )  a t







JjL - 0 .0 5 0  M
3 0O 4 I o 2 O 4 0 5 O 6.0
ml NoOH
Figure 35. T i t r a t io n  o f PPK ( I )  w ithout and ( I I )  w ith  F b (II )  a t







A  = 0 . 0 7 5  M
6.04.0 5.00 4 2 0 3 0I O
ml. NoOH
F igure  36. T i t r a t io n  o f PPK ( I )  w ithou t and ( I I )  w ith  P b (II )  a t
20°, 30 , and 40° C and Io n ic  S tre n g th  0 .075 M.
9 O
B
0 4 I O 2 0 3 0 4 O 5 0 6 0
m l .  NaOH
Figure 37. T i t r a t io n  o f  PPK ( I )  w ithou t and ( I I )  w ith  P b (II )  a t





Io n ic  s tre n g th  . . , O.Q25 M 
’ 0 .050  M
T w p sra tu re . . .  20?
o o
30 , end 40 c
•  0.025 K pCA •  0 .050 M
o _ o o o • on 20 30 40 20 30 40
0.32 7.89 7 .90 7.73 7 .80 7.73 7.59
0 .4 0 7 .82 7.83 7 .67 7.74 7 .66 7.53
0 .48 7 .77 7.78 7 .61 7 .69 7 .61 7 .47
0 .56 7.73 7.73 7.55 7 .64 7 .56 7.42
0 .64 7.69 7 .70 7 .51 7 .60 7 .5 0 7 .38
0.72 7 .64 7.65 7 .46 7.56 7.44 7.32
0 .8 0 7 .58 7.59 7 .41 7.51 7 .39 7 .28
0 .88 7.53 7.53 7.35 7.46 7 .34 7.23
0 .96 7 .48 7.46 7 .28 7-39 7 .27 7 .17
1 .04 7 .4 1 7 .37 7 .22 7.32 7.19 7 .11
1.12 7.33 7.29 7 .14 7.23 7 .10 7 .01
1 .2 0 7 .22 7.18 7 .04 7.14 7 .00 6.92
1 .28 7 .06
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TABLE m r a  (con tinued)
FORMAT IOK CURVE DATA
LEAD(II) PPK
Io n ic  s tre n g th  . . 0.075 M * 0 .100 M Tem perature . . .2 0 ®
o o 
30 , and 40 c
* *
® 0.075 M pc e  o .io o  mA
o o o o Q on 20 30 40 20 30 40
0.32 7 .71 7.65 7.51 7 .70 7.58 7.45
0 .4 0 7 .68 7 .58 7.44 7.65 7.51 7.39
0 .48 7.62 7.53 7 .40 7 .59 7 .46 7.35
0 .56 7 .58 7 .48 7.35 7.55 7 . a 7 .30
0 .64 7 .54 7.43 7.32 7-49 7 .36 7.26
0 .72 7-48 7 .38 7 .27 7.45 7 .31 7.21
0 .80 7.43 7.33 7.22 7.39 7.26 7.16
0 .88 7.37 7 .28 7-17 7.32 7.21 7 .10
0 .96 7 .30 7 .22 7 .10 7.25 7.14 7.03
1 .04 7-23 7 .16 7.03 7.17 7.08 6 .97
1 .12 7.13 7 .08 6.96 7 .07 6.99 6.87






8 0 8 57 0 7 56 5
pcA
Figure 38. Formation Curves, R versus pC a t  20°C fo r  F b (I I ) . Same Legend as Figure 15*A
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LEAD(II) PPK STABILITY CONSTANTS
M idpoint Slope Method
o_________________________ Temperature . . .  20 C
M CD d i l . 0.025 M 0.050 M 0.075 M 0.100 M
h - 4 .1  X 107 
7
4 .7  X 107 
7





"2 — 1 .9  X 10 1 .1  X 10 7-3 X 10 5.9 X 10
Kave. 5 .4  X 107 2 .8  X 107
2 .3  X 107 71 .8  X 10 1 .6  X 107
oTemperature . . .  30 C








*1 7-3 X 106
4-4  X 10
6
2 .6  X 10 
6
2 .5  X 10 
6
*2 — 9-5 X 10 6 .6  X 10 9 .4  X 10 6 .6  X 10
Kave. 4*4 X 107 2 .6  X 107 1 .7  X 107 1 .5  I  107
7
1 .3  X 10
Temperature . . .  40° C
M 00 d i l . 0.025 M 0.050 M 0.075 M 0.100 M
h - 3 .5  X 10? 2 .4  X 107 2 .3  X 107 2 .2  X 107
*2




6 .1  X 10
6
4 .5  X 10
Kave.
7
3 -0  X 10 71 .8  X 10 1 .4  x l o 7
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5 O 6 04 02 0I 00  4
ml NoOH
F ig u re  42 . T i t r a t io n  o f  PPK ( I )  w ith o u t and ( I I )  w ith  H g(II) a t








M = o  0 5 0 M
4.0 5.0 6.03 00.4 2 010
ml NoOH
Figure 43 . T i t r a t io n  o f PPK ( I )  w ithou t and ( I I )  w ith  H g(II) a t





Jl = 0 .0 7 5  M
30 4 0 
ml NaOH
5 0I o 2 0 600 4
Figure  44 . T i t r a t io n  o f  PPK ( I )  w ithou t and ( I I )  w ith  H g(II) a t






J l  - O. I00 M
o
O 4 I O 2 0 3 0 4 0 5 0 6.0
ml. NaOH
Figure 45 . T i t r a t io n  o f PPK ( I )  w ithou t and ( I I )  w ith  H g(II) a t
20°, 30° t *nd 40 C and Ion ic  S tre n g th  0.100 M.
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TABLE H I H
FOBMATIOH CURVE DATA
MERCURT(II) FPK
Io n ic  s tre n g th  . . . .
0.025 M 
0 .050 M Tem perature . . .  20?
o o
30 , and 40 C
* * • 0.025 M
pC^ e  0 .050 M
A o o o o o
n 20° 30 40 20 30 40
0.56 9 .88 - - 9.74 - -
0.6A 9.82 - - 9 .60 - -
0 .72 9.55 - - 9 .38 - -
0 .80 9 .30 9 .46 - 9 .12 9-30 -
0.88 8.83 9.25 - 8 .9 0 9.02 -
0.96 8.43 8 .89 9 0 8 8.43 8.65 9 .22
l.OA 8.13 6 .41 9.17 8 .1 0 8 .26 8 .99
1 .12 7.91 8.09 8 .91 7.87 7 .96 8.59
1 .2 0 7.71 7.88 8 .61 7 .64 7 .74 8.33
1 .28 7.55 7-72 8 .37 7 .48 7.59 8.02
1 .36 7 .44 7-59 8 .07 7 .32 7 .44 7.85
1 .44 7-28 7 .48 7.81 7 .21 7.33 7.72
1.52 7.12 7.34 7.65 7 .06 7 .18 7.55
1 .6 0 6 .97 7.18 7 .47 6 .91 6 .98 7 .35
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TABLE XXXIX (con tinued)
FOHMATIOR CURVE DATA
MERCURT(II) PPK
Io n ic  s tre n g th  . . . 0 .075 M 0 .100  M
Tem perature 0 0 . . .  20, 30, and 40° C
o




n 20 30 40 20 30 40
0.72 9.06 - - 9 .26 - -
0 .80 8.87 9.33 - 8 .91 9.06 -
0 .88 8.64 9 .2 6 - 8.65 8 .86 -
0 .96 8.39 8.88 9.13 8 .30 8.52 8 .77
1 .04 8.02 8.31 8 .5 6 7 .99 8 .14 8.65
1 .12 7.79 7.97 8.39 7 .71 7.79 8.41
1 .20 7 .58 7.77 8.23 7 .49 7 .57 8.18
1 .28 7 .40 7.61 8.02 7 .34 7 .40 7.96
1 .36 7.27 7.45 7-78 7 .21 7 .26 7.71
1 .44 7.14 7.31 7.61 7 .08 7.13 7.52
1.52 7 .01 7.15 7.48 6.95 7.01 7.37
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PC, VO
Figure 47. Formatlon Curves, n versus pC^ a t  JO C fo r  H g (ll) . Sane legend as Figure 15.
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MERCtffiT(ll) PPK STABILITY CONSTANTS
M idpoint Slope Method
Tem perature . . .  20° C
A  00 d l l . 0.025 M 0.050  M 0.075 H 0 .100  M
KX 2 .5  I  109 3 .4  I  109 2 .8  I  109 2 .5  I  109
H 1 .4  A 107 8 .5  I  106 7-9 I  106 7 .8  I  106
* « . .  2 -5 X 1 0 ®
8
1 .9  I  10
8
1 .7  I  10
8
1 .5  I  10
8
1 .4  I  10
Togpermtwrp- . . .  30* C
A 00 d i l . 0 .025 M 0.050  M 0.075 M 0 .100  M
Ki - 10 x  109 5 .6  I  109 4 .6  X 109 3 .6  X 109
*2 - 1 .8  I  107 1 .4  I  107 1 .3  X 107
71 .1  X 10
K* re .
91 .0  I  10
8
4 .3  I  10
8
2 .8  X 10
8
2 .4  X 10
8
2 .0  X 10
Temperature . . .  ■4P°. <?
A 00 d i l . 0 .025 M 0.050  M 0.075 M 0.100  M
- 2 .2  X 1010
10 
1 .9  X 10
10 
1 .2  X 10 5 .8  X 109
*2 -
8
1 .5  I  10 6 .5  X 107 4-4  X 107 4-3 I  107
Ka r e . 6-3 X 109 1 .8  I  109 1 .1  X 109
8
7 .1  X 10
8



























D e g r e e s  K e lv in
F igure  50 . E x tra p o la te d  lo g  K v e rsu s  K elvin  Tem perature f o r  N i, 
Zn, Cd, Fb, and Hg?ve
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TABLE XLI 
THEHH0DTNAMIC DATA a t 25° C
M etal log K*
0V
AH (K cal/m o le) A F°(K c a l/m o le ) A s°(ou)
Cadnd.tpn(ll) 13.6 -  11 -  19 27
Lead(II) 15-4 -  11 -  21 34
Z inc(II) 16.1 -  2.2 -  22 67
■ lc k e l ( l l ) 16.8 -  7-0 -  23 54
M e rc a ry (ll) 17-4 + 60 -  24 280
a. log E (.thermedjnamic) “ 2 lag — : — —
b. A H° was taken to  be constant between 20 and 40 C
SAMPLE CALCULATIONS
caxhhm(i i )
A H° -  T2 . t x - H . 2.30 log Kjj/K! -  (3 1 3  )(293 )(l-99) (2-30) lag 6^52
T2  -  Tj_ 2 0  6 ,8 5
A  H° - - 11 K cal/mele
A F# = BT 2.30 log K A  F* -  (1.98)(298)(2.30) log 13-6 a t 25° C
A  F° -  -  19 K oal/mole
A s° “ A H° -  A F° -  » 1 1  + 19 -  27 eu
T 298
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D iscuss ion  agd C onclusions
A summary o f  a l l  thermodynamic d a ta  may bo found in  Tablo I I J ,  
page 124. Tho stan d ard  s ta to  has boon taken  to  bo KQon^~» ^thanno 
i n f i n i t e  d i lu t io n  f o r  tho  background o lo c tro ly to  in  40$ a c e to n e . Tho 
d a ta  a t  25°C have boon ob ta ined  by in te rp o la t io n .
Duo to  experim en ta l d i f f i c u l t i e s ,  th e  s t a b i l i t y  c o n s ta n ts  fo r  
some f i r s t a s r i e s  t r a n s i t i o n  m eta ls  could  n o t be de te rm ined . The 
c h e la te  o f Mn(H) was in s o lu b le , even in  pure a ce to n e . N lc k e l( I I )
PPK p re c ip i ta te d  in  40$ acetone  a t  20° too e a r ly  in  th e  t i t r a t i o n .  
Copper, c o b a lt, and iro n  c h e la te s  were so s ta b le  th a t  t h e i r  c o n s ta n ts  
could  n o t be a s c e r ta in e d  by g la s s  e le c tro d e  m easurem ents.
The o rd e r o f  s t a b i l i t y  o f th e se  m etal c h e la te s  d e se rv ss  some 
comment. A study  o f N i ( I I ) ,  Z n ( II ) ,  F b ( l l ) ,  and C d(H ) c h e la te s  
w ith  c h e la tin g  ag en ts  o f s im ila r  s t ru o tu re  such a s  cx d ip y r id y l ,  
dimethylglyoxLme, 1, 10 -p h e n a n th ro lin e , and 8 -hydroxyqu ino line  re v e a l  
th e  same o rd e r o f s t a b i l i t y  I i '> Z n > ¥ to > C d  (9)* The u n u su a lly  h igh 
s t a b i l i t y  o f  H g(II) PPK a ls o  i s  c o n s is te n t  w ith  i t s  c h a ra c te r  w ith  
o th e r  l ig a n d s  (2 ) .  I rv in g  and W illiam s (31) have dem onstra ted  th a t  
io n ic  p o te n t ia l  a lone  i s  n o t s u f f i c i e n t  f o r  e s tim a tin g  th e  s t a b i l i t y  
o f  com plexes. S ince p o l a r i l a b i l i t y  i s  an Im portan t f a c to r  in  d e te r ­
m ining b ind ing  fo ro e s , i t  can be understood  th a t  Hg(XI) w ith  a * so ft"  
o u te r  s h e l l  which i s  e a s i ly  p o la r iz e d  should form s ta b le  com plexes. 
The en tropy  e f f e c t  appears to  re g u la te  th e  c h e la t io n  o f m ercury, fo r  
i t s  en th a lp y  o f  c h e la t io n  i s  p o s i t iv e  and i t s  en tropy  i s  la r g e .
I t  has been suggested  by Paul P f e i f f e r  (33) t h a t  c h e la te s  o f 
th e  oxlmes have th e  n i tro n s  s t r u c tu r e .  T his g e n e ra l iz a t io n  has been 
based  la r g e ly  on th e  p roof o f  t h i s  s t ru c tu re  fo r  n ic k e l  d im ethy l- 
glyoxlm ate o r  ve ry  c lo s e ly  r e la te d  s t r u c tu r e s  (14, 3 4 ) . The n i tro n s
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s t ru c tu r e  seems reaso n ab le  s ince  only  the  a m -  oxime I s  re a c t iv e  (30),
and has been assumed by P f e i f f e r ,  F e ig l (1h ), and D iehl and Smith (1 2 ) .
A s t r u c tu r a l  diagram  o f t h i s  i s  i l l u s t r a t e d  in  F igure 51-B . The
argument i s  th a t  oxygen (o f th e  syn -oxim e) i s  n o t in  p o s it io n  to
form an oxygen-m etal bond. The r e a c t iv i ty  o f phenyl 2 -p y rid y l ketoxime
i s  presum edly due to  th e  tau tom eric  e q u ilib riu m  =H-0H -N ^-0
H
in  which =N —* 0 complexes a m etal by replacem ent o f  th e  p ro ton  
R
and forms a n itro g e n -m e ta l bond. However, th e  a u th o r w ishes to  p o in t 
o u t th a t  in d i r e c t  chem ical evidence g iv es some support fo r  an oxygen- 
m etal bond.
Five-membered r in g s  a re  u su a lly  c h a ra c te r iz e d  by s a tu ra t io n ,
i . e . . five-membered c h e la te  r in g s  u su a lly  c o n ta in  no double bonds(3)» 
The e x is te n c e  o f an u n sa tu ra te d  five-membered r in g  in  n ic k e l  d im eth y l- 
g lyoxim ate may be exp la ined  by the  fo rm ation  o f two e x tra  slx-membered 
r in g s  through  hydrogen bonding (o f . F igure  51- F ) .  Even i f  phenyl 2- 
p y rid y l ketoxime c h e la te s  through th e  oxime n itro g e n , i t  i s  no t oapable 
o f  m u ltip le  r in g  fo rm ation  as found in  d im ethy lg lyoxim ates because th e  
p ro ton  i s  d isp la c e d  du ring  c h e la tio n  in  th e  fo rm er. Moreover sixr- 
membered r in g s  a re  common when th e  system  con ta ins one o r  two double 
bonds (3 ) .  F igure  51 ->A i l l u s t r a t e s  th e  s t ru c tu re  o f  m etal PPK c h e la te s  
i f  bonding i s  through  oxygen w ith  th e  fo rm ation  o f an u n sa tu ra te d  s lx -  
membered r in g .
A comparison o f  th e  s t a b i l i t y  o o n s ta n ts  fo r  m etal c h e la te s  o f 
z in c  and cadmium w ith  th e  lig a n d  c*,°<'-dipyridylt phenyl 2 -p y rid y l 
ketoxim e, and dim ethylglyoxim e (9) may prov ide  in fo rm atio n  about 
th e  m olecu lar s t r u c tu r e  e f  phenyl 2 -p y rid y l k e to x lm atas . T ables 
XI.II -  ILIV re v e a l t h a t  th e  o rd e r o f s t a b i l i t y  f o r  z inc  and cadmium 


























Figure 51• S tru c tu ra l  Diagrams,
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o rd e r i s  c*c*'-dipy < PPK < DM5 i f  bonding i s  through bo th  n itro g e n  
atoms In  a l l  th re e  cases because th e  p y rid in e  n itro g e n  i s  a poorer 
e le c tro n  p a ir  donor than  the  oxime n itro g e n . Phenyl 2 -p y rid y l ketoxime 
w ith  one p y rid in e  n itro g e n  and one oxime n itro g e n  should be in te rm e d ia te  
in  c h e la te  s t a b i l i t y ,  b u t In s te a d  i t  i s  h ig h e s t.  I t  i s  u n lik e ly  th a t  
c o rre c tio n s  f o r  medium e f f e c t s  would change th i s  o rd e r . The anoma­
lo u s  s t a b i l i t y  o f  phenyl 2 -p y rld y l ketox im ates i s  perhaps due to  
bonding through oxygen w ith  th e  fo rm ation  of a more s ta b le  six-me la­
bored r in g .
The s t a b i l i t y  of n ic k e l phenyl 2 -p y rid y l ketoxime i s  anoma­
lo u s ly  low w ith  re s p e c t  to  c o b a lt and iro n  PPK. In  o th e r  c h e la te s  
such a s  th e  d lm ethy lg lyoxlm ates and r e la te d  l ig a n d s  where th e  exlme 
n itro g e n -m e ta l bond has been e s ta b l is h e d , n ic k e l  oomplexes a re  always 
more s ta b le  th an  th o se  o f c o b a lt  and i ro n . The f a c t  t h a t  c o b a lt and 
iro n  PPK a re  more s ta b le  th an  n ic k e l  PPK may be due to  t h e i r  s t a b i l i ­
z a tio n  in  th e  + 3 o x id a tio n  s ta te  through th e  more e le c tro n e g a tiv e  
oxygen atom ( c f . Table XLV).
I f  the  o^rgen-m otal bond i s  to  be te n a b le  a t  a l l ,  th e re  must 
be a mechanism whereby th e  cyn Isom er s h i f t s  i t s  oxygen atom 
to  th e  |g £ ^ p o s i t i e n  in  which i t  can engage in  r in g  fo rm atio n . The 
s h i f t  would take  p lace  fo r  th e  d is s o c ia te d  a c id  ( sCNO-1) e r  fo r  
th e  n ltro n e  ( =Cg-+0 ), o therw ise  i t  would le a d  to  th e  u n rea c tiv e  
a n t i -  oxime. T his indeed i s  th e  meat s e r io u s  drawback f o r  th e  p roposa l 
o f an oxygen-m etal bond. D ire c t evidence o f  th e  m etal PPK c h e la te  
s t ru c tu re  i s  no t y e t  a v a i la b le .  Perhaps an in f r a re d  study o f  th e  
N-*0 o r th e  H-0- s t r e tc h in g  frequency w i l l  le a d  to  th e  c o rre c t  
assignm ent o f s t r u c tu r e .
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TABLE XLII
STABILITY CONSTANTS FOR METAL CHELATES OF C*/*-DIFTRIDYL
Metal C onditions fo r  Measurements Log L| + log Reference
C d(H  Bjerrum techn ique  in  0.1 M 8 .0  a
m 0 3 a t  25°C
Z n(U ) Sane 9*8 » -
a .  Yamasaki, K. and Yasuda, M., J .  Am. Chen. S o c ., 28, 13^4 (1956)
TABLE XL I I I
STABILITY CONSTANTS FOR METAL PHENYL 2-PYRIDYL KETOXIMATES
M etal C ond itions fo r  Measurements log + log X2 R eference
C d(II) Bjerrum techn ique  In  HaClO^
—*00 d i l .  a t  25°C In  kO% acetone
13-6 b
F b (II ) Same 15.^ b
Z n (II) Same 16.1 b
H i( I I ) Same 16.8 b
b . This t e x t
TABLE XLIV
STABILITY CONSTANTS FCR METAL DIMETHYLGLYOIIMATES
M etal C onditions fo r  Measurements log  + log  Kg R eference
C d (II) Bjerrum techn ique In  50# 
dloxane a t  25°C
1 2 .7 c
Z n (II) Same 13.9 c
N l ( l l ) Same 2 1 .? c
c . C harles and F re ls e r , A nal. Chlm. A cta, 11, 1° 1 (1954)
TABLE £LV
STABILITY CONSTANTS FOR METAL CHELATES OF 8“ HIDROIYQUINOLINE
M etal C ond itions fo r  measurements log  ^ + log  Ig  Bef<
C d (ll) Bjerrum techn ique  In  50# 
dloxane a t  25°C
17.11 d
P b (II ) Same 1 8 .7 0 d
Z n (II) Same 18.86 d
M i(II) Same 2 1 .3 8 d
M l(II) Bjerrum techn ique  In  0.01 M 
e le c t r o ly te
18.7 e
F e (H I) Seme 2 3 ,6 f
d . Johnston , W.D. and F re ls e r ,  H ., J.Am.Chem.Soc., 5239 (1952)
e . A lb e rt, A ., Blochem. J . ,  £4, 646 (1953)
fo A lb e rt, A ., and Hampton, A ., J ,  Chem. S oc ,, 505 (1954)
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With the  excep tion  o f H g (II) , a l l  the  c h e la te s  s tu d ie d  have 
n eg a tiv e  e n th a lp ie s , in d ic a tin g  th a t  a s tro n g  m e ta l- lig a n d  bond i s  
formed through c h e la t io n . The high  p o s it iv e  en th a lp y  o f H g(II) PPK 
i s  q u e s tio n a b le . The curve n v e rsu s pC. was poorly  d e fin ed  in  the  
reg io n  n = 1 due to  a la rg e  s c a t te r in g  o f p o in ts .  Log K could be 
o b ta in ed  on ly  by th e  m idpoint slope method because could  n o t be 
determ ined g ra p h ic a l ly .  Hence, th e  value o f log K depends on the  
th e  m idpoint slope which was poorly  d e fin e d . F igu res 46 and 47 show 
th a t  th e  slope o f  th e  p lo t  pC^ v e rsu s  n i s  very  f l a t  a t  n = 1 . Decid­
ing  th e  ex ac t value o f pC^ (which i s  r e la te d  to  the  s t a b i l i t y  c o n s ta n t)  
i s  q u i te  d i f f i c u l t .  Thus log  K a t  20° and 30°C f o r  H g(II) PPK i s  l e s s  
r e l i a b l e  than  fo r  a l l  the  o th e r  c h e la te s .  N everthe less i t  appears
q u a l i t a t iv e ly  e v id e n t t h a t  log  K d im in ishes w ith  d ecreasin g  tem pera-  
. o
tu re  so t h a t  ZaH i s  d ec id ed ly  p o s i t iv e .
When th e  f i r s t  bond i s  made in  th e  fo rm ation  o f  a c h e la te , th e  
p o s i t io n  o f th e  second donor group o f a b id e n ta te  lig a n d  has a l im ite d  
ra d iu s  o f  movement depending on th e  chain  le n g th  between donors. The 
seaond donor has a g r e a te r  chance th an  th e  f i r s t  o f  form ing a bond 
p rov id ing  th e  c e n t r a l  atom can f i t  between th e  donors. T his amounts 
to  an en tropy  f a c to r  which i s  no t invo lved  in  oongflexos w ithout che­
l a t i o n .  Another f a c to r  reg a rd in g  th e  en tropy  term  i s  th e  degree of 
so lv e n t in te r a c t io n  a s so c ia te d  w ith  th e  c h e la te .  I t  i s  reasonab le  
to  suppose t h a t  when a la rg e  o rgan ic  m olecule such as phenyl 2 -p y rid y l 
ketoxime surrounds th e  m eta l, so lv en t o r ie n ta t io n  i s  v a s t ly  reduced, 
r e s u l t in g  in  an o v e ra l l  in c re a se  in  random ness.
The en tropy  o f c h e la t io n  i s  p o s it iv e  fo r  th e  f iv e  m etals 
s tu d ie d . The en tropy  o f c h e la t io n  i s  r e la te d  to  i t s  enthalpy^
132
A S %  A F 8
T
so A  S can be no more r e l i a b l e  than  £*■ H. Q u a l i ta t iv e ly  i t  appears 
th a t  th e  c h e la tio n  of H g(U ) a r i s e s  from la rg e  en tropy  f a c to r s .
Perhaps mercury w ith  i t s  " s o f t"  o u te r  s h e l l  has an e x c e p tio n a lly  
la rg e  so lv e n t a s s o c ia t io n  which i s  destroyed  through c h e la t io n .
CHAPTER H I  
SPECTRAL STUDIES
T ra n s i t io n  n a ta l  Ions a re  f re q u e n tly  d a te c ta d  by th e  use of 
complexlng a g en ts  which g ive  r i s e  to  c h a rg e - t r a n s fe r  bands in  the  
v i s ib le  and u l t r a v i o l e t  reg io n  o f  th e  spectrum  (21 ) . These bands
a re  v e ry  in te n se  w ith  e x t in c t io n  c o e f f ic ie n t s  sometimes l a r g e r  than
k
10 , p e rm ittin g  d e te c t io n  below one p a r t  per m il l io n .  Charge t r a n s ­
f e r  bands a re  u s u a l ly  b road , e s p e c ia l ly  a t  c o n c e n tra tio n s  above 100 
ppm. I t  i s  very  common f o r  such bands to  o v e rla p  th e  Laporte fo rb id d en  
d -d  t r a n s i t i o n s ,  even though t h e i r  a b so rp tio n  maximum may be a t  con­
s id e ra b ly  d i f f e r e n t  wave le n g th s .
C h a ra c te r iz a tio n  o f  l ig a n d s  by t h e i r  p o s i t io n  in  the  sp e c tro -  
chem ical s e r i e s  should  be ju d ic io u s ly  perform ed. I t  i s  f e l t  t h a t  
th e  in fo rm a tio n  o b ta in ed  from th e  s p e c t r a l  s tu d ie s  i s  n e t  s u f f i c i e n t  
to  p rov ide  knowledge abou t th e  p o s i t io n  o f phenyl 2 -p y r id y l ketoxim e 
in  th e  sp ec tro ch em lca l s e r ie s  o r  th e  r e l a t i v e  s t a b i l i t y  o f  th e  t r a n s ­
i t i o n  m eta l c h e la te s  w ith  r e s p e c t  to  each  o th e r .  T his i s  a t t r ib u te d  
to  (1 ) th e  b roadness o f  th e  aharge t r a n s f e r  bands which c e r ta in ly  
o v e rla p  some d -d  t r a n s i t i o n s ,  (2 ) th e  u n c e r ta in ty  o f  th e  s p a t ia l  
c o n f ig u ra tio n  o f  th e  l ig a n d s  about th e  m eta l, (3) c h e la te  concen­
t r a t i o n s  too  low to  d e te c t  h ig h ly  fo rb id d en  d-d  t r a n s i t i o n s  (when 
d -p  m ixing i s  sm a ll) , and (h) th e  la c k  o f  m agnetic s u s c e p t ib i l i t y  
d a ta .  N e v e rth e le ss , th e  a b so rp tio n  s p e c tra  o f  phenyl 2 -p y r id y l 
ketoxim e and dlm ethylglyoxlm e ( fo r  com parison) a re  p resen te d  along 
w ith  a sp e c u la tiv e  d is c u s s io n  abou t th e  c h a rg e - t r a n s fe r  p ro c e ss .
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E xperim ental Techniques
The phenyl 2 -p y r id y l ke tox im ates o f  Mn ( I I ) , Fe ( I I ) , C o ( I I ) , 
N i ( I I ) ,  and C d (II)  a r t  sp a r in g ly  so lu b le  in  w ater b u t vary  so lu b la  
in  ch lo ro fo rm . Thay wars p r a c ip i ta ta d  and a x tra c te d  in to  ch lo rofo rm  
In  th a  fo llow ing  mannar: 5-0 ml o f  PPK in  95^ a th a n o l was addad 
to  25 .0  ml o f  0 .005 M m sta l n i t r a t a  o r  p a rc h lo ra ta  s o lu t io n .  Suf­
f i c i e n t  1 HH^ OH in  1 0 NH^Cl was addad to  r a i s a  th a  pH above 7 
and causa p r e c ip i t a t io n  o f  th a  c h e la te .  Tha c h e la te s  ware f i l t e r e d t 
washed, and d r ie d  a t  110°C f o r  2k hours and th en  d is so lv e d  in  25 ml 
o f ch lo ro fo rm . Those s o lu t io n s  were th en  d i lu te d  to  g ive  a f i n a l  
c o n c e n tra tio n  o f  3 ppm. C o p p er(II) i s  very  so lu b le  in  w a te r and 
was e x tra c te d  from th e  aqueous phase w ith  25 ml o f  ch lo rofo rm  and 
d i lu te d  to  3 P P ® . Z in c ( I I )  PPK was p r e c ip i ta te d  w ith  sodium a c e ta te  
b u t th en  t r e a te d  a s  M n(II) PPK. Chromium( I I )  was p rep a red  by p assin g  
CrCl^ th rough  a Jan es R educto r, and was th u s  contam inated  w ith  Zn(I I ) .  
Chromium(II) PPK, formed w ith  sodium a c e ta te  b u f f e r ,  i s  so lu b le  in  
aqueous s o lu t io n  and i s  e x tra c te d  d i f f i c u l t l y  in  ch lo ro fo rm .
M anganese(H ), F e ( I I ) ,  C o (H ), and C d (II)  d im othylg lyoxim ates 
were p rep a red  by adding  2 .5  ml o f  1jt DM5 in  95^ e th a n o l to  25 .0  ml 
o f  0 .005 M m eta l n i t r a t e  o r  p e rc h lo ra te  s o lu t io n .  S u f f ic ie n t  1 
NH^ OH in  10ft NH^Cl was added to  r a i s e  th e  pH above 7 and cause com- 
p lo x a t io n . These complexes a re  so lu b le  in  w a te r b u t in s o lu b le  in  
common so lv e n ts  which a re  im m iscib le  w ith  w ater and were n o t ex­
t r a c t e d .  M anganese(H ) DM5 was d i lu te d  to  0 .2  ppm, F e ( l l ) ,  C o (II ) , 
and C d (II)  DM5 t e  6 ppm. C o p p e r(II) and N i( I I )  DM5 were p rep a red  in  
th e  same manner a s  th e  phenyl 2 -p y r id y l  ke tox lm ate  o f  Mn ( H )  and 
d i lu te d  to  3-5 ppm. Z in c ( I I )  DM5 was p repared  w ith  sodium a c e ta te  
in  th e  same manner as th e  PPK c h e la te .
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N itra te s  o r p e rc h lo ra te s  were used a t  250 ppm to  o b ta in  sp e c tra  
o f th e  aqueous m etal Io n s . A 0.001$ DM} so lu tio n  was recorded  in  0 .1$  
e th a n o l and 0.01$ PPK in  chloroform .
The sp e c tra  were recorded  w ith  a Beckman DB spec tropho to ­
m eter and Sargen t re c o rd e r . The o p t ic a l  path  was 10 m ill im e te rs .
D iscussion  and Conclusions
The sp e c tra  a re  g iven  in  F igu res 52 through 61. Phenyl 2~ 
p y rid y l ketoxime has an ab so rp tio n  maximum a t  36,500 cm“  ^ and ano ther 
n ear 40*000 cmT’1 where th e  so lv e n t (ch loroform ) beg ins to  ab so rb .
These a re  d lsc e m a b le  fo r  a l l  th e  m etal PPK c h e la te s ,  a lthough
th ey  a re  s h i f te d  a l i t t l e  tow ards th e  red  and a re  of s tro n g e r  in te n ­
s i t y .  The a b so rp tio n  maxima o f  the  c h e la te s  th a t  a re  n o t found fo r  
th e  hydrated  ions lend  evidence f o r  c h e la t io n .
Except fo r  C r(X I), th e  I n t e n s i t i e s  o f th e se  bands a re  q u i te  
h ig h . Furtherm ore, they  a re  found w ith in  th e  sh o r te r  w avelength reg io n
o f th e  v i s ib le  and u l t r a v io l e t  (550 mp to  340 mp). I t  i s  u n lik e ly  th a t
any o f th e se  a re  d-d  t r a n s i t i o n  bands. They a re  most probably  charge 
t r a n s f e r  bands. In  f a c t ,  th e  a b so rp tio n  bands f o r  C r ( I I )  and F e (U )
PPK a re  in  approxim ately  th e  same reg io n  (18 ,%00 cm"1 and 18,900 cm- 1 ) 
a s  th e  charge t r a n s f e r  bands o f th e se  io n s  w ith  o th e r  l ig a n d s .  Tho 
weak in te n s i ty  o f th e  C r(H )  PPK band may be a t t r ib u te d  e i th e r  to  
ra p id  o x id a tio n  to  C r (U I )  o r  incom plete e x tra c t io n  o f th e  c h e la te  
in to  ch loroform . The Fe( I I )  g rP k en an th ro lin e  oharge t r a n s f e r  band 
i s  a t  19,700 cm"1 (21 ) .
There a re  two p r in o ip a l  mechanisms fo r  oharge t r a n s f e r (16 ),
(1) Rydberg type  invo lv ing  the  t r a n s f e r  o f  an e x c ite d  e le c tro n  to
a so lv e n t m olecule and (2) in t r a io n ic  type in v o lv in g  e le c tro n ic  
t r a n s i t i o n s  between th e  c e n t r a l  io n  and th e  l ig a n d s . The l a t t e r  
mechanism seems more reaso n ab le  f o r  th e  development o f  m etal PPK
136
charge t r a n s f e r  bands In  view of the  lig a n d  f i e l d  about th e  m eta l. 
Depending upon th e  d i r e c t io n  of th e  e le c tro n ic  t r a n s i t i o n .  i t # . ,  whether 
from th e  e x c ite d  m etal o r b i t a l  to  the  lig a n d  o r b i ta l  o r v ic e -v e rsa . 
th e se  sp e c tra  a re  sometimes termed m etal o x id a tio n  o r  re d u c tio n  s p e c tra . 
Appearance o f such sp e c tra  i s  not n e c e s s a r ily  accompanied by any per­
manent chem ical change. As soon a s  th e  source o f e x c i ta t io n  i s  removed, 
th e  e le c tro n s  r e tu rn  to  t h e i r  o r ig in a l  ground s t a t e .  Such t r a n s i t io n s  
u su a lly  occur when th e  c e n tr a l  a to m 's  o r b i t a l s  a re  l i t t l e  mixed w ith  
lig a n d  o r b i t a l s .
In  th e  case o f m etal o x id a tio n  s p e c tra , the  t r a n s i t i o n  may 
occur from one o f th e  fo rm erly  degenera te  d o r b i ta l s  (which a re  no 
lo n g e r degenera te  under th e  in flu e n c e  o f th e  lig a n d  f i e l d )  to  th e  
an tibond ing  o r b i t a l s  o f th e  l ig a n d . According to  Jorgensen  (32 ), 
th e  band between 30.000 and 3^,000 cm'  ^ in  I r ( I I I )  p y rid in e  complex 
i s  due to  such a t r a n s i t i o n .  The in te n se  band a t  19,700 em-  ^ in  
F e ( I I )  o p h e n a n th ro lln e  i s  a lso  due to  such a t r a n s i t i o n .
C onversely, i t  has been suggested  th a t  a s o -c a l le d  m etal re ­
d u c tio n  speo tra  i s  due to  th e  e x c i ta t io n  o f  an e le c tro n  from lig a n d  
p i  o r b i t a l s  to  an an tib en d in g  e o r b i t a l  e f  th e  c e n t r a l  m e ta l.—. g
Another mechanism fo r  m etal re d u c tio n  sp e c tra  i s  a v a i la b le .  In  com­
p lexes where one o r  more l ig a n d s  a re  d i f f e r e n t  from th e  r e s t  and mere 
h ig h ly  red u c in g , then  i t  i s  q u i te  l ik e ly  t h a t  th e  e le c tro n  i s  t r a n s ­
f e r re d  from th e  s p e c if ic  lig a n d  to  the  c e n t r a l  m e ta l. The c o lo rs  o f 
halopontanm l no c o b a lt  ( H i )  complexes and copper ( H )  complex h a lid e s  i s  
due to  t h i s  type charge t r a n s f e r ,  th e  e lec tron  being  fu rn ish e d  by th e  
h a lid e  io n .
With the  PPK an ion  a l l  th re e  mechanisms a re  c o n ce iv ab le . P i 
o r b i t a l s  o f th e  p y rid in e  m olecule can p a r t ic ip a te  in  tj>g p i
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t r a n s i t i o n s  g iv ing  r i s e  to  m etal o x id a tio n  s p e c tra .  In phenyl 2- 
p y rid y l ke tox lm ates , th e  two fu n c tio n a l  groups a re  no t I d e n t ic a l .  
Although th e re  I s  no d e f in i te  evidence whether the  m etal I s  bound to  
n itro g e n  o r oxygen, n e v e r th e le s s  e i th e r  group >C=N-*0 o r >C=N-0:
I s  co n sid e rab ly  red u c in g . Thus, under e i th e r  c ircum stance , the  
lig a n d  anion  can conceivab ly  Induce m etal red u c tio n  sp e c tra  Invo lv ing
The a b so rp tio n  bands f o r  C r ( I l ) ,  P e (H ) ,  and C o(II) PPK a t  
18,800, 18,900, and 26,400 cm~  ^ a re  most l ik e ly  charge t r a n s f e r  o f
the  m etal o x id a tio n  type where an e le c tro n  i s  t r a n s fe r r e d  from a 
m olecu lar o r b i t a l  la rg e ly  lo c a te d  on th e  m etal to  a £ i  o r b i t a l  o f 
th e  l ig a n d  (p y rid in e  In  t h i s  c a se ) .
M anganese(U ), F e (H ) ,  H i(H ) , C u (U ), Z n (II ) ,  and C d(H ) PPK 
have stro n g  a b so rp tio n  bands around 30,000 cm“^  which appear to  be 
charge t r a n s f e r ,  b u t th ey  may Involve l ig a n d - lig a n d  t r a n s f e r  where 
an e le c tro n  In a m e t a l - lig a n d  m olecu lar o r b i t a l  la rg e ly  lo c a te d  on 
th e  lig a n d  I s  t r a n s fe r r e d  to  a lig a n d  m olecular o r b i t a l .  Such a 
mechanism could  develop  when th e  l ig a n d  o r b i t a l s  a re  p e rtu rb e d  by 
th e  p resence  o f  th e  m e ta l. Copper(I I ) PPK a ls o  has an a b so rp tio n  
band a t  20,000 cmT^  • T his band I s  too  broad and In ten se  to  be a 
d -d  t r a n s i t i o n .  2t cou ld  correspond to  a m etal red u c tio n  t r a n s f e r .
TABLE XL1
ABSORPTION MAXIMA OF METAL PHENYL 2-PYRHJYL KETOHMATES
1 38
Metal cm X 10r  3 Suggested Mechanism
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m etal o x id a tio n  charge t r a n s f e r
Zn( I I )  contam ination
reag en t
reag en t
lig an d ^ llg an d  charge t r a n s f e r  
reag en t
m etal o x id a tio n  charge t r a n s f e r  
lig a n d - lig a n d  charge t r a n s f e r  
reag en t
m etal o x id a tio n  charge t r a n s f e r
reag en t
reag en t
l lg a n d - llg a n d  oharge t r a n s f e r
rea g en t
rea g en t
m etal re d u c tio n  charge t r a n s f e r  
l lg a n d - llg a n d  charge t r a n s f e r  
rea g en t 
reag en t
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TABLE XT.I (cen tln u ed )
Metal cm I  10'-3 Suggested Mechanism □
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A bsorption S pec tra  o f Some T ra n s it io n  M etals and C hela tes 
Phenyl 2 -p y rid y l Ketoxime and Dimethylglyoxime
LEGEND
Broken Line S pectra  (Solven t -  W ater) . . .  Upper Scale 
S o lid  Line S pectra  (Solvent = CHCl^) . . . Lower Scale
Curve 1 . . . .  M etal Phenyl 2 -p y rid y l Ketoximate 
Curve 2 . . . M etal DimethylglyoxLraate 
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Figure 52. V isib le  Absorption Spectra fo r  Phenyl-, 
Pyridyl Ketoxime.
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Figure 53. V isib le  Absorption Spectra fo r  Dimethyl- 
glyoxime.
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Figure 54. Absorption Spectra o f Chromium(II) 
and C helates.
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Figure 57. Absorption Spectra of
C obalt(I I )  and C h e la te s .,, '/ '
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Figure 58. Absorption Spectra of N ick e l(II)  
and C hela tes.
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Figure 60. Absorption Spectra of Z in c (II) 
and C hela tes.
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Figure 61 . Absorption Spectra o f  Cadmiun(II) 
and C hela tes,









1. B a ila r , J .C .,
th e  Chemistry o f th e  C oord ination  Compounds „
Reinhold P ub lish ing  C orporation , New Tork, 1956.
2 . I b id . ,  pp. 120 1 30.
3 . Ib id o 0 pp. 227 + 250-251.
4 . I b id . ,  p 190.
5 . B ates, R.G.o
John W iley & Sons, I n c . ,  New Tork, 1954.
6„ Ib id . ,  p . 74.
7 . I b id . ,  p . 201.
8 . Bjerrum, J . 0
>fetai Ammino Form ation in  Aqueous S o lu tio n s .
P. Basse & Son, Copenhagen, 1941«
1
9» Bjerrum , J . ,  Schwarzenbach, G ., and S i l l e n ,  L .G ., 
s Vth^ 7 f r n f f f r T r t f -  E S d l :  Organic L igands.
S p e c ia l P u b lic a tio n  o f  th e  Chemical S o c ie ty , London, 1957*
10. Day, M.C. and S e lb ln , J .„
T h e o re tic a l Ino rgan ic  C hem istry.
Reinhold P u b lish in g  C orpo ra tion , New Tork, 1960. C hapter 9>
11. I b id . ,  C hapter 10.
12. D ieh l, H. and Sm ith, G .F .,
The Iro n  Reagents . . . .
S p e c ia l P u b lic a tio n  o f the  G.F. Smith Chemical Co.,
Columbus, Ohio, 1960.
13° Dole, Mo,
G lass E le c tro d e ,
John W iley 4 Sons, I n c . ,  New Tork, 1954.
14 . F e ig l,  F . ,
Chem istry of S p e c if ic , S e le c t iv e . S e n s itiv e  R eac tio n s . 
Academic P re ss , I n c . ,  New Tork, 1949-
152
15° Lewis 0 J .  and W ilk in s, R .G ., E d ito rs ,
M t i a  C oord ination  SfcasUiEL*
In te rsc ie n c e  P u b lish e rs , I n c . ,  New lo rk , 1960, C hapter 4 .
16. Ib ld o , pp. 268- 27 3 .
17° M a rte ll, A.E. and C alv in , M.,
C h ea ls trv  o f th e  M etal C helate  Compounds. F i r s t  E d itio n , 
P re n tic e  H a ll, Inco , New Tork, 1952.
18. I b id . ,  pp. 160-167 + 171-175°
19° I b id . ,  C hapter 3°
20. O rgel, L .E .,
bSL In tro d u c tio n  to  T ra n s itio n  M etal C hem istry.
Methuen 4 C o., L td ., London, 1960.
21o I b i d . , p . 101.
22. P au lin g , L .,
The Nature o f th e  Oyml ftf J Bond. T hird  E d itio n ,
C o rn e ll U n iv e rs ity  P re ss , I th a c a , New Tork, 1960.
23. R o s s o t t i ,  F .J .  and R o s s o t t i ,  H.,
The D eterm ination  o f  C o n stan ts .
McGraw-Hill Book Company, I n c . ,  New Tork, 1961. C hapter 2 .
2*f. W eissberger, A. and P roskauer, E .S .,
Organic S o lv e n ts .
Oxford U n iv e rs ity  P re ss , 1935°
P e r io d ic a ls
25° C alv in , M. and M elchior, N .C .,
" S ta b i l i ty  o f C hela te  Compounds,"
J .  Am. Chem. S o c ., £2.* 3270 (19**8).
26. C a lv in , M. and W ilson, K.W.,
" S ta b i l i ty  o f C hela te  Compounds,"
J .  Am. Chem. Soc.„ 67. 2003 09**-5)°
2 7 . Drudep P .,
"Zwei Methoden zur Mbssung d e r D ie le k tr iz i ta ts k o n s ta n te  und 
d e r e le c tr is c h e n  A bsorption  b e i  s c h n e lle r  Schwigungen,"
Z. Physiko Chem., 23 ., 267 (1897)°
28. H i l l s ,  G .J . and Iv e s , D .J . ,
"The Hydrogen Calomel C e ll ,"
J .  Chem. Soc.„ 305 (1951)°
153
29. Bovorka, F .,  S ch aefe r, R .A ., and D reisbach , D .t 
"The System Dloxane and W ate r,"
J .  Am. Chem. S o c ., ^8 , 2264 (1936).
30. H untress, E.H. and W alte r, H.C.,
"Beckmann Rearrangem ent o f th e  Qximos o f Phenyl-2 -p y rId y l 
Ketone,"
J .  Am. Chem. S o c ., 2 3 7 0 2  (1948).
31. I rv in g , H ., and W illiam s, R .J .P . ,
" S ta b i l i ty  o f T ran s itio n -M eta l Complexes,"
J .  Chem. S o c ., 3192 (1953).
3 2 . Jo rgensen , C .K .,
Acta Chem. S cand ., 11 . 166 (1957).
33. P f e i f f e r ,  P . and B uchlo lz , H .,
"Die ln n eren  Kom plersalze des <*-B enziloxlm s, "
J .  P r . Chem., 12], 124, 133 (1929).
34. P f e i f f e r ,  P . ,
"Die (C onstitu tion  des Dime th y  lg ly o x lm -N ick e ls ,"
Chem. B a r ., 62, 1811 (1930).
35« Sen, B .,
"Spectropho tom etric  D eterm ination  of Pallad ium  w ith 
P h e n y l-a lp h a -p y rld y l Ketoxlme,"
A nal. ChemD, 21,881 (1959).
3 6 . Sen, B .,
"Computation Techniques o f  Bjerrum Method o f  D eterm ination  
o f Successive Form ation C o n stan ts ,"
A nal. Chim. A cta, 22,, 515 (1962).
37. Sidgwick, N .,
"Complex F o rm atio n ,"
J .  Chem. S o c ., 433 ( W ) .
3 8 . S u tto n , L .E .,
"Some Recent Developments In  th e  Theory o f Bonding In 
Complex Compounds In  th e  T ra n s it io n  M eta ls ,"
J .  Chem. E d ., 2Z, 499 (1960).
39. T ay lo r,
"V apor»Pressure R e la tio n s  in  M ixtures o f Two L iq u id s , I I ," 
J .  Pfays. Chem, 4 , 355 (1900).
40 . T ru s e l l ,  F. and D ieh l, H .,
" Phenyl^ 2^ py r id y l  Ketoxlme, A Reagent fo r  Iro n  In  S trong 
AlleallaR "
A nal. Chim., 2 b  1978 (1959).
15*
41» T sc h itsc h ih a b in ,
J ,  Ruse. Phys. Chem. S o c ., 33. 700 (1901).
42. Van Arkel and Deboor, J . ,
Rec. T rav. Chim., 42., 593 (1928).
43 . Van U i te r t ,  L.G. and Hass, C .G .,
"A Method fo r  Determ ining Thermodynamic E qu ilib rium  
C onstan ts in  Mixed S o lv e n ts ,"
J .  Am. Chem. S o c ., ££. 451 (1953/.
44 . Van Vleck,
"The Group R e la tio n  Between th e  M ulliken and S la te r -P a u lln g  
T heories o f  Valence" and "Valence S tre n g th  and th e  Magnetism 
o f Complex S a l t s ,"
J .  Chem. P hys., 803, 80? (1935).
155
VITA
David CLayton Shuman was bom  in  Carey, Ohio on December 13, 
1937° Following g rad u a tio n  Cum Laude from Columbian High School, 
T i f f in ,  Ohio, in  1955, he a tten d ed  th e  U n iv e rs ity  o f Toledo from 
1955 to  1957« In  June 1959, he rece iv ed  th e  B achelor o f Science 
a t  Bowling Green S ta te  U n iv e rs ity  (O hio), In  August o f  th a t  y e a r 
he m arried  th e  form er Carolyn Buebner o f Toledo. They now have a 
son David S c o tt ,  bom  January 1961 . Mr. Shuman e n ro lle d  in  th e  
G raduate School o f L ouisiana S ta te  U n iv e rs ity  in  August 1959 and i s  
now a can d id a te  fo r  th e  D octor o f Philosophy .
EXAMINATION AND THESIS REPORT
Candidate: David C layton  Shuman
Major Field: Chem istry
Title of Thesis: S tu d ie s  on Phenyl 2 -p y r id y l K etoxim ates
Approved:
Major Professor and Chairman
Doan of the Graduate School
EXAMINING COMMITTEE
Date of Examination:
